

Pirla CrniTiV Hi 

PILAKI (liajftnhac) 

CliM N* > €>^j^ 

6*ok No ;« 6 ^ ^ P 

Acc«ss)on Nos- i\ f 












PRINCIPLES OF HEAT ENGLNEERING 




Principles of 

HEAT ENGINEERING 


NEIL P. BAILEY 


KEHI AKCll LABORArORA 
GLNLRAI. EIECTRK « OMPANY 
feCHENECTADY, N1 W YORK 


NFW YORK 

JOHN WILEY & SONS, Inc. 

London CHAPMAN & HALL, Limited 

1942 



Copyright, 1942 

BY 

Neil P Bailey 


AU Rights Reserved 

This hook or any part thereof must not 
h( repioduced in any foim uithout 
the written permission of the publisher 


PRINTED IN THE UNITED STATES OF AMERICA 



PREFACE 


Every engineer should be familiar with the aeeumulated experimental 
knowledge of heat and its us('s. The prineiples which may be considered 
th(‘ minimum requirement for any engiiaxT are covered in this book. 
Th(‘ information is presented in a framework of theory and is expressed 
quantitatively so that it may be useful for the solution of engineering 
problems. 

The junior engineering student who plans no additional formal study 
of h(iat power and the student who will take more advanced work in the 
senior year will not necc'ssarily find thcar requirements vitally different. 
Both need a firm grasp of principles and a basic knowledge of the most 
important applications. 

Constant use has been made of the kinetic theory of gases and other 
qualitative concepts that aid in making the subject a logically connected 
science. Such explanations can have no quantitative applications, but 
this in no way detracts from their value for the purposes of this book. 

Every effort has been made to include up-to-date and reliable tables 
of the physical constants needed for the solution of elementary heat 
power i)roblems and to illustrate the important applications with sample 
solutions. The limitation of the descriptive material to the functional 
aspects of heat power equii)ment refl(K‘ts the conviction that the purely 
descriptive portion of a course is best presented by the instructor through 
the medium of the laboratory and current literature. 

During the seven-yeaxr period in which this book developed I have 
been grateful for the suggCvstions and criticisms of Stephen Beneze, 
Colin Carmichael, William Schulte, Robert Burns, Edward Gamarekian, 
and Harold Juram. I also acknowledge my indebtedness to Dr. R. C. H. 
Heck for the gas tables published by him and for many stimulating dis¬ 
cussions. I salute the patience of the engineering students of Rutgers 
University upon whom many ideas were tested. 

Neil P. Bailey 

Schenectady, New York 
Julyy 194^ 
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SYMBOLS AND UNITS 


A Area in square feet. 
a Area, usually square f(‘et. 

c Specific heat in Btu p(T pound per degirce Fahrenheit. 

C Specific heat in Btu j>er luol j)er degree Falirenlieit. 
e Radiation eniishivity, also efhcicncy. 
g Acceleration due to gravity, 32 2 ft. per see. per sec. 

G Mass flow in pounds per second i)er s(iuare foot. 
h Enthalpy in Btu per pound. 

J Mechanical equivalent of heat, 778 26 ft-lh ])er Btu. 
k Thermal conductivity in Btu per hour per s(iuare foot per dc'grce Fahrenheit 
per foot. 

m Mass in slugs. (An object that weighs 32.2 lb has a mass of 1 slug.) 
n Polytropic exponent. 

P Pressure in pounds jx'r square foot. 

0 Quantity of heat in Btu. 
q Rate* of heat transfer in Btu per hour, 
r Radius in f(‘et, also compression ratio. 

R Gas constant. 

s Entropy in Btu fier pound per degree Rankine. 
t Temperature in degree's Fahrenheit, also time. 

T Absolute temperature in degrees Rankine (absolute Fahrenheit) unless 
otherwise noted. 

Internal energy in Btu per pound. 

Conductance in Btu per hour jier square foot jier degree Fahrenheit. 
Velocity in feet per second. 

Volume in cubic feet. 

Weight in pounds. 

X Quality of a vapor mixture. 
a (alpha) Angle in degrees. 

P (beta) Angle in degrees, also refrigeration coefficient of iicrformancc. 

7 (gamma) Adiabatic exponent. 

€ (epsilon) Base of natural logarithms, also energy ratio in the kinetic 
theory of gases. 

M (mu) Viscosity in slugs per second per foot, 
p (rho) Mass density in slugs per cubic foot, 
w (omega) Angular velocity in radians per second. 
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CHAPTER 1 


BASIC CONCEPTS 

1 • 1. Energy Concepts. Tht' concopt of heat is based on the everyday 
pliysieal experience that its addition warms an object and its loss results 
in cooling. Aft(‘r heat has becai added to a body it may again be with¬ 
drawn by placing th(‘ ])ody in contact with a cooler medium. This has 
led to the conc('pt of a luxated ]) 0 (ly poss('ssing ‘‘tlurnuj^ The 

fact that tlie combustion of such a fuel as coal or gasoline will give off 
h(‘at n'sults in the id('a that a find possesses ''poteaitial energy” that may 
be rc'h'ased under pro})er burning conditions. 

Basic scientific* concc'pts dej^caid for their reality upon the physical 
senses. After all words ha\'e bcnm exhausted the idea of length or dis¬ 
tance is associat('d with the visual difference between “hen'” and “there,” 
and the eonc(‘i)t of time' is dependent upon the sc'nse of what happens 
“now^” and what happened “then.” A force is real onl}^ in terms of the 
muscular (*ffort required to exert one, and t(*mi)erature and heat an' 
realizc'd through the physical sense of “hot” and “cold.” 

The simplest energ}" concept is that of the mechanical w^ork performed 
whc'n a force acts through a distance and the w^ork done is measured by 
the product of force and the distance through wdhch it acts. When work 
is done to lift a wa'ight, experience dictates that this w^ork can be recov¬ 
ered wdien the weight is again lowered. This has led to the concept that 
the object possesses energy or a capacity for action when in its elevated 
position. This energy or capacity for action is equal in magnitude to the 
work done in elevating it and is referred to as “potential energy.” 

A force must act on a body through a distance in order to accelerate it 
and give it a velocity. A moving object is thought of as possessing 
“kinetic energy” equal in amount to the work done on it. This idea is 
borne out by the fact that by properly decelerating it, the object may be 
caused to perform this amount of work. 

To be strictly consistent, the term “heat” should be reserved for the 
transfer of energy between objects at different temperatures, and never 
to the capacity of an object to store or give off heat. There is the same 
distinction between “heat” and “thermal energy” as there is between 
work and potential or kinetic energy. 

1 
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1*2. The Principle of Conservation of Energy. The subjects of heat, 
electricity, chemistry, and mechanics have been developed independently 
over a long period of time and it has been customary to refer to thermal 
energy, electrical energy, chemical energy, and mechanical energyjust as 
though they had nothing in common. Since about the year 1700 it has 
been jenown that in mechanical systems, kinetic energy of motion and 
potential energy of position are mutually convertible and quantitatively 
related by the amount of mechanical work represented. 

Later, the heat absorbed and given off during chemical reactions was 
observed and the relationship between electrical and chemical energy 
was discovered. In the field of electricity the conversion of electrical 
energy into heat was measured and by 1850 quantitative measurements 
had been made on the conversion between mechanical and electrical 
energy. About this time the possibility of conversion between mechan¬ 
ical energy and thermal energy was appreciated, and the mechanical 
equivalent of heat was evaluated and stated in the form of the first law 
of thermodynamics. 

Encouraged by these possibilities of energy conversion but still believ¬ 
ing the different forms of energy to be unrelated phenomena, the principle 
of conservation of energy was stated. In its most general form this is 
but a statement of faith in the belief that in any system energy that 
disappears in one form must reappear in some other form. As the struc¬ 
ture of matter in its different states is better understood and the nature 
of thermal, chemical, and electrical energy is appreciated, there is 
encouragement for the belief that only the concepts of kinetic and poten¬ 
tial energy as defined in terms of mechanical work will be needed. 

1-3. Energy Units. The common engineering unit of work is the 
foot-pound, which is the amount of work done in overcoming the resist¬ 
ance of 1 lb through a distance of 1 ft. The original definition of the 
British thermal unit (Btu) as the heat required to raise the temperature 
of one pound of water through one degree Fahrenheit was based on the 
idea of pure water being a standard substance of unit heat capacity. 
When the variation of the specific heat of water was recognized it be¬ 
came necessary to specify a standard degree as from 59 to 60 deg F and 
later the mean specific heat between 32 and 212 deg F came into general 
use. Back of the use of a water standard to define a Btu lay the experi¬ 
mental method of water calorimetry which then prevailed and yet per¬ 
sists in practical heat work. 

Joule made the first accurate determination of the mechanical equiva¬ 
lent of heat and established its value as approximately 778 ft-lb to the 
Btu. The use of the water standard had the disadvantage that each 
supposed more accurate determination of the mechanical equivalent of 
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heat, usually designated by the symbol J, had the effect of changing the 
size of the heat unit. This, combined with the increasing use of elec¬ 
trical energy in precise calorimetry has caused the joule or watt-second 
to be adopted as the primary energy unit, and this in turn is defined in 
the mechanical system. 

The International Steam Table Conference of 1929 adopted a system 
which defines the Btu as an energy unit 778.26 times as large as a foot¬ 
pound. The result is that instead of being a heat unit, the Btu is now 
actually an energy unit equal in size to 778.26 ft-lb. A time may come 
when a single energy unit will be in common use which will eliminate the 
use of conversion factors, but at present it is necessary to develop skill 
in shifting from any one unit system to another. 

The energy units in common use are the foot-pound, the British 
thermal unit and the kilowatt-hour. The corresponding units of power 
or rate of energy delivery are the foot-pound per second, the Btu per 
hour, and the kilowatt. The horsepower (hp) is a power unit defined as 
550 ft-lb per sec and 1 hp is equivalent to 0.746 kw. This means that 1 hp 
is equal to (550 X 3600)/778.26 = 2545 Btu per hr and 1 kw is equal to 
2545/0.746 = 3415 Btu per hr. When converting from one set of units 
to another it helps to remember that a Btu is a much larger energy unit 
than a foot-pound and that a kilowatt is a larger power unit than a 
horsepower. 

1*4. Matter and Energy. Although the experimentally determined 
thermal properties of matter are of primary importance in heat engineer¬ 
ing, it is very helpful to associate each thermal operation with an ex¬ 
planation of what is taking place even when the present limitations of 
knowledge leave such a picture somewhat incomplete. 

The capacity of physical material to store thermal energy is explained 
by the kinetic theory of matter, which assumes an atomic and molecular 
structure of matter and recognizes only two forms of energy, kinetic and 
potential. The concept of atomic and molecular structure comes from 
the realm of chemistry where it has been demonstrated that matter is 
composed of molecules and that all molecules of the same chemical sub¬ 
stance are exactly similar. 

These molecules and atoms possess kinetic energy by virtue of motion 
and potential energy by virtue of atomic and molecular forces of mutual 
attraction. Chemical energy is potential energy that is stored in the 
molecules by interatomic forces, and it is converted into kinetic energy 
only when chemical changes alter the atomic spacing and arrangement 
and these attractive forces act through a distance. 

Mutual forces of attraction between molecules are large in solids and 
liquids where the molecular spacing is small. During the vaporization 
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of a liquid the molecular spacing is greatly increased and potential 
energy is stored as the rapidly diminishing attractive forces are over¬ 
come. In the vapor state the molecular forces are still significant, but 
in the gaseous form the molecular spacing is so great that attractive 
forces are negligible. 

The type of molecular motion depends upon the physical state of 
matter. It is restricted in the solid phase, freer in the liquid state, and 
very free in the gaseous phase. It is in this gaseous state that thermal 
energy can be explained most simply in terms of molecular motion. 

1*6. Solids. Modern research into the structure of solids has made 
it clear that in this state the mutual forces between molecules hold them 
in equilibrium in definite arrangements that are more highly organized 
in crystalline than in amorphous solids. Any attempt to compress the 
material and thus reduce molecular spacing is opposed by repulsive 
forces between molecules, and any attempt at dilation is opposed by 
attractive forces which come into action as the molecular separation 
tends to become larger than that for equilibrium. Density is dependent 
upon molecular spacing for ecpiilibrium and strength upon the magni¬ 
tude of the forces involved. 

Thermal energy present in a solid is imagined as kinc'tic energy of 
vibration of atoms and molecules, each about its mean position of equi¬ 
librium. When heat is added this vibration increases in intensity and 
the temperature of the material is said to rise. Also, when mechanical 
work is expended upon a solid, as when one surface slides over another 
or when a wire is repeatedly bent, the resulting increase in vibrational 
energy is sufficient to account for the mechanical work done. Such 
vibration also functions as a readily imagined mechanism for the propa¬ 
gation or conduction of heat through solids when different levels of 
vibrational intensity or temperature exist. 

1*6. Liquids. A solid heated to a certain temperature which is only 
slightly affected by imposed pressure and is widely different for various 
materials begins to liquefy, melt, or fuse. At this melting or fusion 
temperature a large amount of energy, known as the latent heat of 
fusion, must be supplied to break up the fixed structure of the molecules 
of the solid state. Solids that are strongly crystalline, such as ice and 
copper, have sharply defined melting temperatures, but amorphous 
solids, such as some earthy slags, may run through several hundred 
degrees between first softening and free fluidity. 

In a liquid the mean molecular spacing is essentially the same as in a 
solid, but a fixed molecular arrangement no longer exists, and the mole¬ 
cules are visualized as moving among each other with very short free 
paths between collisions. This random arrangement results in balanced 
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attractive forces on any molecule by those surrounding it and no result¬ 
ant forces exist to oppose a change in shape except at the surface where 
unbalanced forces exist in the top molecular layers, resulting in surface 
tension phenomena. Repulsive forces strongly resist compression and 
thermal energy is visualized as being stored as kinetic energy of transla¬ 
tion and vibration. 

1*7. Vaporization. All molecules of a liquid do not possess the same 
kinetic energy. At any instant there are a few mok^cules that by a series 
of favorable impacts have a very high energy level and others that have 
low velocities because of a series of unfavorable collisions. The majority 
of the molecular velocities are grouped about a mean or most probable 
value. This type of a “normal distribution’' sc'ems characteristic of all 
random occurrences in nature. 

It is estimated that one out of each several hundred molecules possesses 
enough translational energy at any instant to overcome the attractive 
forces of the surface tension layer and escape into the space above the 
liquid. When such a molecule reaches the surface or collides with a 
surface molecule, a molecule is projected from the liquid. The attrac¬ 
tive force decreases very rapidly as the molecule leaves the liquid and the 
kinetic energy of the leaving molecule also decreases as it does work to 
free itself. If this same molecule should chance to return into the field 
of force of the surface molecules of the liquid this potential energy would 
be returned to it as kinetic energy of motion as it is again drawn back 
into the liquid. 

If the space above the liquid is enclosed this molecular exchange will 
come into equilibrium when as many molecules return to the liquid as 
leave it, when the energy of molecules leaving is balanced by that of 
those returning to the liquid and when the entering and leaving momen- 
tums are equal. For a given liquid temperature or mean kinetic energy 
level, the molecular density of the “vapor” molecules will always be the 
same, and the impacts of these molecules on the walls of the enclosure 
exert a pressure which is known as the saturation pressure correspond¬ 
ing to that liquid temperature. 

For a higher liquid temperature the mean molecular kinetic energy will 
be higher and a larger fraction of the liquid molecules will have the 
velocity necessary to leave the liquid surface. The result is an increased 
density of vapor molecules above the liquid and the mean kinetic energy 
of these molecules will be higher than for the lower temperature. Since 
the pressure exerted by the impact of the vapor molecules on the en¬ 
closure is increased by both the molecular density and velocity, it would 
be-expected that the saturation pressure of a given liquid would increase 
rapidly with increased liquid temperature. This is borne out by the 
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curve of saturation pressure plotted against liquid temperature shown 
for water in Figure 1*1. 

If the space above a liquid is not enclosed, as when water is exposed to 
the air, the high-velocity molecules that escape from the liquid surface 
are carried away by diffusion in the air and do not return to the liquid. 
The result of this continued loss of only high-speed molecules having 

kinetic energy far greater than the 
mean energy level of the liquid mole¬ 
cules is a reduction of the average en¬ 
ergy level of the remaining molecules. 
This means that the liquid temperature 
will be reduced. If this temperature is 
to be held constant, heat must be 
supplied to compensate for the energy 
lo.ss. This amount of heat, expressed 
as Btu added per pound of liquid va¬ 
porized, is known as the *‘latent heat of 
vaporization.^' 

This latent heat is made up of two 
parts. First, and most important, it 
Fig. 1 • 1. Vapor pressure of water, contains the energy necessary to over- 

come the attractive forces of the sur¬ 
face layer of the liquid and to free the molecules. In addition, it must 
also account for the work necessary for 1 lb to expand from the specific 
volume of the liquid to the volume that it occupies as a vapor. For 
water at 70 deg F this latent heat of vaporization is 1054.3 Btu per lb 
of vapor formed. Of this 996.1 Btu per lb represents the work done 
against molecular attraction and 58.2 Btu per lb is the energy required 
for the volume to increase from the liquid value of 0.01606 cu ft per lb to 
867.9 cu ft per lb working against the saturation pressure of 0.3631 lb per 
sq in. 

In a saturated vapor the molecular spacing is usually small enough that 
weak attractive forces between molecules are still present and the space 
occupied by the actual molecules themselves is an appreciable part of the 
total volume filled by the vapor. However, if no liquid is present and 
the vapor is heated above its saturation temperature or “superheated" 
and allowed to expand, the molecular spacing soon becomes great 
enough to reduce molecular attraction to a negligible value. Such a 
highly superheated vapor, existing at a temperature far above its satura¬ 
tion value, has much simpler properties than a saturated vapor and is 
usually referred to as a “gas." 
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CHAPTER 2 


CHARACTERISTICS OF GASES 


2«1. Kinetic Theory of Gases.^' The physical properties of gases 
are determined by experiment on gas molecules in the aggregate, but 
these collective characteristics of gas molecules can be more readily 
understood and interpreted by considering the probable action of indi¬ 
vidual molecules. The kinetic theory of gases, first developed in 1855, 
exi)lains the physical properties of gases and aids in understanding 
many thermal processes. It is applicable quantitatively only to simple 
monatomic gases such as argon and helium because it assumes no 
intermolecular attraction and ignores any spin or rotation of the mole¬ 
cules. In spite of such simplifying assumptions, however, the conclu¬ 
sions reached are qualitatively applicable to the more complex gases 
such as oxygen and carbon dioxide. 

The basic concept of the kinetic theory is that of numberless identical 
gas molecules colliding and repelling each other in a completely random 

manner. The condition of any one 
molecule varies continuously from 
one instant to another. It may at 
one moment have a very high velocity 
in one direction and at the next have 
a low velocity in another. There 
is overwhelming evidence ^ that at 
any instant the molecular scalar 
velocities are distributed as shown 
in Figure 2* 1 which is a distribution 
curve of the general type that is characteristic of random occurrences in 
nature. 

The average of all the molecular velocities, v^y., is greater than the 
most probable or most frequently occurring velocity, Vpy by the ratio 
2^uv./^p = 1.128 because the few molecules that have very high velocities 
have an exaggerated effect on the average. The kinetic energy of any 
molecule depends on the square of its velocity with the result that the 
very high-speed ones have a much greater kinetic energy than the 

* Superior numbers indicate references listed at the close of each chapter. 
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Fraction of the most probable velocity 

Fig. 2-1. Molecular velocity 
distribution. 
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slower ones. The net result is that the average kinetic energy per 
molecule is much greater than that of a molecule moving at the average 
velocity. The effective root-mean-square velocity, y is the one that 
must be used in calculating the kinetic energy of the molecules and the 
ratio of effective to most probable velocity is /Vp = 1.224. 

2-2. The Source of Gas Pressure. When a gas that has no flow 
velocity occupies a space that is all at the same temperature, it is known 
that the pressure exerted by it is the same in all directions and that the 
molecular density is constant throughout. This means that the amount 
of movement of the molecules is equal in the three coordinate planes 
for otherwise the pressure would not be equal in all directions and the 
density would not remain constant throughout. A simple equivalent 
of this would be to imagine one-third of the molecules moving back and 
forth in each of the three planes. 

When a molecule strikes a wall of the enclosure with a velocity v and 
rebounds elastically, it would experience a change in velocity oi 2v in 
that direction and undergo a momentum change of 2mVy where m is its 
mass. If this molecule were alone in the enclosure it would have to 
travel the length I of the enclosure, rebound from the opposite wall and 
travel back a distance I before it would again strike the original surface. 
This would require 2I/v seconds, with the result that the average (‘hange 
in momentum per second experienced by one molecule colliding with 

, , ,, , 2mv mv^ 

one wall of the enclosure would be —- == • 

2l/v I 

Since the change in momentum per second is produced by the wall, 
the force on it due to one molecule would be /I. One third of the 

molecules or n/3 may be considered as moving only in that plane, so 

2 

71 771V 

the total force exerted on the surface is - -y- • This total force is also 

O i 

equal to the unit pressure exerted P times the surface area A or 


PA 


mnv^ 


[2-1] 


Since Alls gas volume V and for all the molecules is , equation 2 • 1 
becomes 


P 


This brings out the fact that, according to the kinetic theory, the pres¬ 
sure exerted by a gas depends on the density trtiJY and the molecular 
velocity. 
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By using values of pressure and density of gases from experimental 
data, it is possible to evaluate the molecular velocity as given by the 
kinetic theory and compare it with experimental information. At at¬ 
mospheric pressure of 14.7 X 144 lb per sq ft, 1 lb of air, or a mass of 
1/32.2 slugs at a temperature of 70 deg F occupies a volume of 13.35 
cu ft. The root-mean-square or effective value of the molecular velocity 
from equation 2-2 is 
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3 X 14.7 X 144 X 13.35 
1/32.2 


1655 ft per sec 


As illustrated by Figure 2*1, the probable or most frequently occurring 
molecular velocity is Vp = = 1350 ft per sec. It is sig¬ 


nificant that the velocity with which a pressure or sound wave travels 
in air at these same conditions is 1120 ft per sec for such waves are 
transmitted by molecular motion. 

The kinetic theory of gases finds its greatest field of usefulness in 
furnishing a logical explanation of facts that are determined experi¬ 
mentally and in weaving such information together to make it into a 
logically connected subject rather than an accumulation of isolated 
facts. 


2-3. Experimental Gas Equations. The volume that is occupied by 
a constant weight of any gas varies with both pressure and temperature 
and the experimental approach has been to study the variations inde¬ 
pendently. The relationship between pressure and volume that results 
when the temperature remains constant was formulated from experi¬ 
mental information by Boyle in 1660. The curve representing the effect 
of changes in pressure on the volume of a quantity of gas when the 
temperature is held constant was identified as the equilateral hyperbola 
shown in Figure 2*2. The equation that expresses this relation, which 
is known as Boyle^s law, is 


PiFi = P 2 V 2 = PV = Constant [2-3] 


After many years of dispute it was finally established by Gay-Lussac 
in 1802 and by Charles in 1887 that, if the volume of a quantity of gas 
is held constant, the relationship between pressure and temperature is 
a straight line as shown in Figure 2-3. If this line is extended until it 
intersects the temperature axis the average for the permanent gases 
gives a value of 460 deg F below zero Fahrenheit as an origin. 

No actual gas could be cooled to such a low temperature without 
becoming a solid, but the temperature of minus 460 deg F represents a 
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theoretical temperature at which molecular activity would be absent if 
a gas acted at low temperature as it docs at higher ones. The remark¬ 
able growth in the crystal size in metals and other phenomena that he^ve 
been observed when this temperature is approached, makes it appear 
that minus 460 deg F actually has physical significance and may not be 
just a mathematical concept. Temperature measured from this origin 
of minus 460 deg F is known as ^^absolute temperature.'' 



Volume in cu ft per lb at 70 deg F 
Fig. 2*2. P~V curve for 1 lb of air 
at 70 deg F. 



Absolute pressure in lb per sq in. 

Fig. 2 3 F-T curve for 1 lb of air m 
1 cu it volume. 


The gas properties formulated by Gay-Lussac and Charles may be 
expressed mathematically for constant volume as 


P 

t + m 


— = Constant 
T 


[2-4] 


where t equals degrees Fahrenheit and T equals degrees absolute Fah¬ 
renheit, which is also known as degrees Rankine or deg R. 

A more general gas equation may be developed from the observa¬ 
tions of Boyle and Charles by thinking of the change of a quantity of 
a gas from a pressure Pi, volume Fi, and absolute temperature ITi to 
conditions P 2 , F 2 , and T 2 as being made in two steps. If first the tem¬ 
perature remains constant at Ti and the volume changes to F 2 , the 
resulting pressure P' is given by 

PiFi = p'Vi or P' = ^ [2-5] 

V 2 


If the volume is then held constant at F 2 and the pressure changes from 
P' to P 2 while the temperature changes from Ti to P 2 
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PiFi T,P2 PiVi 

-=- or - 

V2 T2 Ti 


P 2 V 0 PV 

—— = Constant = 

T 2 T 


[2-7] 


which is a very convenient relationship that follows from the conclu¬ 
sions of Boyle and Charles. 

2‘4. The Significance of Temperature. When two gases unite chem¬ 
ically, the volumes entering into the reaction are in a simple relation 
such as 1 to 2 and 2 to 4. Since the theory of chemical reactions assumes 
that an integral number of molecules of each substance unite to form 
the new molecule, Avagadro, in the j^ear 1811, proposed the hypothesis 
that at the same temperature and pressure equal volumes of all gases 
contain the same number of molecules. The entire structure of molec¬ 
ular theory that has since been erected on this hypothesis has so well 
fitted experimental observations that his hypothesis is now looked upon 
as a scientific principle. From this other conclusions become inevitable. 
By re-arranging equation 2*2 and by dividing both sides by the abso¬ 
lute temperature T, it may be combined with equation 2-7 to give 

PV \ vlff 

— = mn-—- - Constant [2-8] 

1 o 1 


The experimentally determined gas equations that are summarized by 
equation 2*7 indicate that for a given weight of gas, PV/T is a con¬ 
stant. If this conclusion and Avagadro^s hypothesis that the number 
n of molecules in a given volume of gas at the same temperature and 
pressure is constant, are applied in equation 2*8, it must be concluded 
that mvlfi /r is a constant. 

This means that the absolute temperature T of a gas is proportional 
to the translational kinetic energy per molecule. For a light gas with 
a small mass m per molecule, the translational velocity v must be greater 
than it is for a heavy gas with a large mass m per molecule. As indi¬ 
cated by Figure 2-1, this docs not mean that the kinetic energy of 
translation of each individual molecule of a gas is the same at all times. 
It is a statistical conclusion relating the mean kinetic energy of transla¬ 
tion of all the molecules. Also, it should not be extended to refer to the 
total kinetic energy per molecule. Any molecule posseases kinetic energy 
of translation and at the same time kinetic energy of molecular spin 
and atomic vibration. This spin and vibrational energy varies from a 
negligible amount in monatomic gases such as helium and argon to a 
significant quantity in such complicated molecules as carbon dioxide. 
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2*6. The General Gas Equation. The obvious impracticability of 
actually counting the number of molecules in a volume of gas or of 
weighing single molecules early led chemists to adopt the concept of 
molecular weights. By observing the relative weights of the elements 
that entered into chemical reactions, a relative scale of molecular 
weights based on an oxygen molecular weight of 32 or atomic weight of 
16 was erected. Oxygen was chosen because it reacts directly with so 
many different substances. It may thus be said that the number of 
molecules /? of a quantity of gas is proportional to the weight W divided 
by the molecular weight. This, combined with the conclusion that 
mv^ff is proportional to the absolute temperature T makes it possible 
to write equation 2*2 as 

W 

PV = Constant X —^-- XT [2-9] 

mol. wt. 

The best average value of the constant in equation 2-9 has been 
experimentally established as 1544 when the pressure P is measured in 
pounds per square foot absolute, the volume V in cubic feet, and the 
weight of gas W is in pounds with the tenij^erature T measured in de¬ 
grees absolute Fahrenheit or degrees Rankine. The ratio 1544/mol. wt. 
is usually known as the gas constant R and the general gas equation is 
customarily written 

PV=^WRT [2 10] 

This equation, relating pressure, volume, temperature, and weight of 
gas, applies accurately to any gas under ordinary conditions. 

Since 1544 is only a mean value for all gases, more exact values of R 
are given for common gases in Table 2*1. 


Example 


The volume in cubic feet of 2 lb of oxygen at 80 deg F and 50 lb per sq in. gage 
pressure may be calculated as 


WRT 

P 


2 X ^ X (460 + 80) 
(50 + 14.7) X 144 


5.78 cu ft 


It is very important to remember to change temperatures to absolute values 
and to change values of pressure to absolute pressure in pounds per square foot. 
In practice, pressures are usually stated as pounds per square inch gage and it is 
first necessary to change this to an absolute pressure by adding to it the atmos¬ 
pheric pressure in pounds per square inch, and then to convert this absolute 
pressure to pounds per square foot by multiplying it by 144. This is the most 
common set of mistakes made in handling the general gas equation. 
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TABLE 21 
Gas Constants 


' Gas 

Molec¬ 

ular 

Symbol 

Atoms 

per 

Molecule 

Exact 

Molec¬ 

ular 

Weight 

Exact R 

Approxi¬ 

mate 

Molec¬ 

ular 

Weight 

Approxi¬ 

mate 

R 

1544 

Mol. wt. 

Helium 

He 

1 

4.00 

386.00 

4.0 

386.00 

Argon 

Ar 

1 

. 39.9 

38.70 

40.0 

38.6 

Hydrogen 

112 

2 

2.016 

7()5 86 

2.0 

772.0 

Oxygen 

(>2 

2 

32.0 

48.25 

32.0 

48.3 

Nitrogen 

Na 

2 

28 08 

54.99 

28.0 

55.2 

Carbon monoxide 

CO 

2 

28.0 

55.14 

28.0 

55.2 

Carbon dioxide 

CO2 

3 

44.0 

35.09 

44.0 

35.1 

Methane 

CII4 

5 

16 03 

96.31 

16.0 

96.5 

Ethylene 

C2H4 

6 

28.03 

55.08 

28.0 

55.2 

Water vapor 

HaO 

3 

18 016 

85.60 

18.0 

85.7 

Air 

A 

A 

equiv. 


equiv. 



mixture 

mixture 

28.95 

53.4 

29.0 

53.3 


2*6. The Mol of Gas. (Pronounced ^^molc/') Avagadro^s hypothesis 
that under the same conditions of pressure and temperature the num¬ 
ber of molecules in a given volume is the same for all gases has resulted 
in the use of a unit of gas measurement known as a mol. Since the 
molecular weight of a gas is a number that is proportional to the weight 
of the gas molecules, it follows that there are the same number of mole¬ 
cules in 32 lb of oxygen as in 28 lb of nitrogen or 44 lb of carbon dioxide. 
Since the same number of molecules occupy a volume that is the same 
for all gases, the volume occupied by 32 lb of oxygen is the same as that 
for 28 lb of nitrogen and 44 lb of carbon dioxide, provided temperatures 
and pressures are the same. 

A mol of gas is, then, a number of pounds of the gas equal to its 
molecular weight, and the advantage of the mol concept is that it is a 
weight of the gas that has the same volume for all gases. This mol 
volume may be found at any temperature and pressure from the general 
gas equation 2 -9. 

W 

PV = 1544 X —^—r X T [2-11] 

mol. wt. 


Since W for a mol is equal to the molecular weight, the volume F of a 
mol becomes 


1544T 



[ 2 . 12 ] 
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The volume of any gas at atmospheric pressure of 14.7 lb per sq in. 
absolute and 68 deg F is 


1544(460 + 68) 
14.7">044~ 


= 385 cu ft 


This mol volume varies with both pressure and temperature, but at 
any given conditions, equation 2-12 indicates that it is independent 
of the kind of gas. This mol concept is very useful when working with 
gas mixtures and also in combustion probh'rns. 

For example, if it is known that air is made up of approximately 
O. 23 O 2 and 0 77 N 2 by weight, it would follow that in 100 lb of air 
there are = 0.72 mols of (>2 and = 2.75 mols of N 2 . Since the 
mol is also a volume unit, this would mean that air is approximately 


0.72 

0.72 + 2.75 


» O. 2 IO 2 and 


2.75 

0.72 + 2.75 


O. 79 N 2 by volume. 
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CHAPTER 3 


THERMAL ENERGY 

3-1. Forms of Energy. The principle of conservation of energy may 
be stated in many general ways, but before it can be a useful tool for solv¬ 
ing thermal problems, it must be expressed quantitatively in terms of 
the properties of gases and vapors. The most general case that is com¬ 
monly of interest is that of a gas or vapor that is confined under pressure 
as it flows along with varying velocity, pressure, volume, and tempera¬ 
ture as heat is added to it or conducted away. 

Heat may be added by such things as the burning of a fuel-air mixture 
in an internal-combustion engine or the transfer of heat from the hot 
furnace gases to the steam in the tubes of a steam generator. Heat may 
be lost in many ways such as the heat conducted from the hot gases of 
an engine cylinder to the cooler jacket water. 

The internal energy of a gas or vapor is altered when the temperature 
changes with the accompanying change in the kinetic energy of the mole¬ 
cules. It may also vary when a change in volume alters the potential 
energy of the molecules by changing the molecular spacing in the pres¬ 
ence of the mutual attractive forces between molecules. 

Since gases and vapors are compressible, any change in volume results 
in expansion or compression work being done as it is when the gases in an 
internal-combustion engine undergo an increase in pressure and an ac¬ 
companying decrease in volume. 

Flow work is involved only when a volume of fluid is moved from a 
region at one pressure to one at a different pressure. Flow work may be 
present with both incompressible and compressible fluids, whereas the 
previously mentioned compression work is associated only with gases 
and vapors which undergo an appreciable volume change when the pres¬ 
sure is changed. 

When the flow velocity of a gas or vapor is changed, the resulting 
change in kinetic energy of flow must be considered as it must when 
steam passes through the nozzles of a turbine or when air passes through 
the impeller of a centrifugal blower. Acceleration work is involved when¬ 
ever there is a change in the velocity of mass flow, and this should not be 
confused with the random veloqities of the individual molecules. 

16 
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It is useful to state the principle of conservation of energy in the form 
of an equation which is often n^ferred to as the general flow equation or 
as the general energy eciuation. 

Heat added = Increase in internal energy + Expansion work 

+ Flow work + Acceleration work [3-1] 

This equation is simply a statement of the known fact that if heat is 
added to a quantity of gas or vapor it may increase the internal energy, 
do expansion work or flow work, cause an increase in the kinetic energy 
of mass flow, or any combination of th(\se. These changes have been 
stated in the positive^ sense but each change can occur in the reverse 
sense, which would cause it to be negative in equation 3*1. However, 
before quantitative problems can be solved, each of these energy com¬ 
ponents must be capable of numerical evaluation. 

3*2. Internal Energy Changes. Changes in the internal energy of 
vapors are made up of three components, molecular kinetic energy of 
translation which is proportional to the absolute temperature 2\ kinetic 
energy of molecular spin and vibration which varies with both molec¬ 
ular structure and temperature, and potential energy resulting from 
mutual attractive forces between molecules and depending on molecular 
spacing. This means that the total internal energy of a vapor such as 
steam or ammonia near saturation depends upon both temperature and 
pressure, and for such a situation it is not practical to attempt to use a 
mathematical equation to express it. The result is that the internal 
energy a is listed in ^Vapor tables'^ for different conditions of tempera¬ 
ture and pressure. 

In highly superheated vapors or gases the molecular spacing is very 
greait and forces of mutual attraction are negligible. Consequently, 
changes in molecular density of a gas do not affect the internal potential 
energy appreciably, with the result that in the gaseous region, changes 
in internal energy depend only on temperature variations. This is a con¬ 
clusion that was reached experimentally by Joule. 

The experimental method of evaluating changes in the internal energy 
of a gas is to determine the amount of heat that must be added to produce 
a given temperature rise when the gas is heated at constant volume. 
For such a condition all the heat added goes to change the internal 
energy, since the expansion work, flow work, and acceleration work 
changes are zero. Any change in internal energy for a gas can be ex¬ 
pressed as 


du = Cv dT 


[3*2] 
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where du = change in internal energy in Btu per pound of gas. 
dT = temperature change in degrees Rankine. 

Cy = specific heat at constant volume in Btu per pound per 
degree Rankine. Values are given in Table 3*1. 

The fact that equation 3*2 expresses the internal energy change in 
terms of the specific heat at constant volume Cy should not be interpreted 
as meaning that it can be used only when a constant volume change is 
involved. It gives the change in internal energy of a gas for any kind of 
an operation and the use of the symbol Cv refers only to the experimental 
method used in evaluating it. 

3*3. Expansion and Compression Work. When a gas or vapor 
expands or is compressed as in the cylinder illustrated by Figure 3-1, the 





Fig. 3*1. Cylinder with movable piston. 



Fig. 3.2. Pressure-volume expansion 
work area. 


total force acting against the piston face is PA, where P is the unit abso¬ 
lute pressure in the cylinder and A is the area of the piston. When the 
piston moves through a distance ds the expansion or compression work 
involved is PAds. Since Ads represents the change in volume dV, the 
expansion work in foot-pound units is PdV. This may be represented 
graphically as the work area under the expansion curve as shown in 
Figure 3*2. 

If it is desired to express this expansion work in Btu units to corre¬ 
spond to those of the internal energy du, this may be done by dividing 
by J. 

Increment of expansion or compression work = - PdV [3*3] 


3*4. Flow Work. Flow work should be associated with the trans¬ 
portation of a fluid from one region to another. For example, it is in¬ 
volved in an engine cylinder when gases are entering or leaving the 
cylinder, but not while all the valves are closed during the expansion or 
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compression strokes. It may be expressed in a usable form by consider¬ 
ing a quantitj^ of fluid as it is being forced into a region of higher pres¬ 
sure as illustrated in Figure 3*3. 

When the surface (1) has been moved to (2) a volume of fluid AS will 
go from a region at pressure P to one at 

a pressure P + dP. The work done by _ _ 

the force F will be ASdP and since AS is p .^rea a 

the volume V that has been moved, the - - ^ P+<iP 

flow work done is VdP. When it is ex- _ ^_ 

pressed in Btu, -s — 

Flow work = ~ VdP [3*4] Fig. 3-3. Flow work. 

*J 


3*6. Acceleration Work. When a flowing gas or vapor is being 
accelerated to a higher flow velocity, it must be acted upon by a force 
W 

F = — a, where W is the pounds of material involved and a is the accel- 

g 

eration. If the velocity is to be increased an amount dv in a distance ds^ 

W dv ds 

the acceleration work is Fds = — a ds. But since a = and t; = - 

g dt dt' 

ads may be replaced by vdv. Thus, when expressed in Btu, 


Acceleration work = - — vdv [3 • 5] 

J 9 

To be consistent in units, velocity v must, of course, be in feet per second. 

3*6. The General Energy Equation. Equation 31 may now be 
written in its usual form for 1 lb of gas or vapor in Btu units, by com¬ 
bining it with equations 3 • 2, 3 *3, 3 • 4, and 3 • 5 as 

dQ^du + \pdV+ \vdP + ^vdv [3-G] 

J J Jg 


where dQ is the amount of heat added in Btu per pound. This is a general 
equation for either gases or vapors, but for gases, since the internal 
energy is a simple function of the temperature only, it may be written 

dQ=^c^T + \pdV + \vdP + [ 3 - 7 ] 

J J gg 

This equation covers the general case, but in specific cases, any of the 
terms may be absent or negligible. When no heat is added or removed, 
dQ is zero or if the flow velocity v is constant, the kinetic energy change 
is zero. 
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During the compression and expansion strokes in engines and pumps 
both the flow work and acceleration work terms are not present, and the 
general equation reduces to a widely used form, 

dQ-=c^T+\pdV [ 3 - 8 ] 

This simplified energy equation can be integrated for any case only when 
the relationship between Cy and T is known and when the connection be¬ 
tween P and V can be expressed. One simj)le but important case is that 
of heating a gas at constant pressure as is commonly done in furnaces and 
air heaters. If the temperature rise is not too great, the specific heat at 
constant volume Cv may be considered approximately constant even 
though it varies considerably at higher temperatun'S. 

The general gas equation may be written for one pound as 

PV = RT [3-9] 

For the special case of a constant pressure change it may be differentiated 
to give 

PdF = RdT [3-10] 

If this is combined with equation 3-8 the result is 

dQ = ++ [3-11] 


Since the definition of the specific heat at constant pressure Cp is the heat 
required to raise the temperature of one pound of gas or vapor through 
one degree Fahrenheit at constant pressure, equation 3T1 may also be 
written 


dQ = CpdT 



[3-12] 


This means that 


Cp 



[3 13] 


The heat added to a gas during a constant-pressure change with no flow 
or acceleration work involved must go to change the internal energy and 
to do external expansion work. This means that an amount of external 
expansion work R/J Btu per pound of gas is done when it is heated 
through one degree Fahrenheit at constant pressure. At first thought it 
might seem that a one-degree rise should result in more external expan¬ 
sion work at a high pressure than at a low one. However, it must be 
remembered that a greater change in volume will occur when the heat- 
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TABLE 3-1 
Gas Specific Heats 


(Pound Basis) 




0°F 

200° F 

400° F 

600° F 

800° F 

1000° F 

Argon (Ar) 

Cv 

0.076 




— > 

—■¥ 

Mol. wt. =40 

('p 

0.127 

— > 

- > 




R = 39.6 

CjJCv 

1.67 

-> 

- 

— > 

- 

- 

Helium (He) 

Cv 

0.754 


- > 

_ ^ 



Mol. wt. = 4 

('p 

1.25 






R = 386.6 

^ p/^\ 

1.66 




— > 


Oxygen (O 2 ) 

('v 

0.156 

0.161 

0.170 

0.178 

0.184 

0.190 

Mol. wt. = 32 

<'p 

0.218 

0.223 

0.232 

0.240 

0.246 

0.252 

R = 48.2 

Cp/C^ 

1.10 

1.39 

1.37 

1.35 

1.34 

1.33 

Nitrogen (N 2 ) 


0.175 

0.177 

0.179 

0.187 

0.195 

0.202 

Mol. wt. = 28 

('p 

0.246 

0.248 

0.250 

0.258 

0.266 

0.273 

R = 55.3 

i'p/ ('v 

1.40 

1.40 

1.39 

1.38 

1.37 

1.35 

Carbon monoxide (CO) 

Cp 

0.175 

0.177 

0.182 

0.190 

0.198 

0.204 

Mol. wt. = 28 

Cp 

0.246 

0.248 

0.253 

0.261 

0 269 

0.275 

R = 55.3 

^ph 1 

1.40 

1.40 

1.39 

1.37 

1.36 

1.35 

Hydrogen (H 2 ) 

Cp 

2.48 

2.48 

2.49 

2.52 

2.54 

2.58 

Mol. wt. = 2 

Cp 

3.46 

3.46 

3.47 

3.50 

3.52 

3.56 

R = 762 

(p/e,, 

1.40 

1.40 

1.40 

1.39 

1.39 

1.38 

Cai’bon dioxide (CO 2 ) 

Cv 

0.152 

0.169 

0.194 

0.211 

0.225 

0.236 

Mol. wt. = 44 

Cp 

0.197 

0.214 

0.239 

0.256 

0.270 

0.281 

R - 35.0 

Cp/Cp 

1.30 

1.27 

1.23 

1.21 

1.20 

1.19 

Methane (CH 4 ) 

Cp 

0.371 

0.462 

0.555 

0.647 

0.739 

0.831 

Mol. wt. = 16 

Cp 

0.495 

0.586 

0.679 

0.771 

0.863 

0.955 

R = 96.5 

C p/Cp 

1.33 

1.27 

1.23 

1.19 

1.17 

1.15 

Ethylene (C 2 H 4 ) 

Cp 

0.273 

0.357 

0.441 

0.526 



Mol. wt. = 28 

Cp 

0.344 

0.428 

0.512 

0.597 



E = 65.1 

CpICp 

1.26 

1.20 

1.16 

1.13 



Ethane (CjHe) 

Cp 

0.319 

0.428 

0.536 

0.645 



Mol. wt. = 30 

Cp 

0.384 

[ 0.494 

0.602 

0.711 



R = 61.5 

c p/Cp 

1.20 

1.15 

1.12 

1.10 



Octane (CgHig) 

Cp 

0.165 

0.271 

0.376 

0.482 



Mol. wt. = 114 

C V 

0.312 

0.418 

0.523 

0.629 



R = 13.55 

‘ 

1.89 

1.54 

1.39 

1.30 



Air (a mixture) 

Cp 

0.169 

0.172 

0.176 

0.184 

0.191 

0.198 

Mol. wt. = 29 

Cp 

0.238 

0.241 

0.245 

0.253 

0.260 

0.267 

R « 53.4 

Cp! Cp 

1.40 

1.40 

1.39 

1.38 

1.36 

1.35 
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ing is done at a low pressure, and thus result in the same amount of 
external work. Values of Cp and for common gases are listed in Table 
31. 

3*7. Enthalpy. In many engineering problems connected with the 
flow of vapors and gases it is very convenient to have the sum of the 
internal energy, external expansion work, and flow work evaluated as a 
unit, and this quantity is known as the enthalpy of the gas or vapor and is 
designated as h. 

Thus, 

dh = du + \ PdV + \ VdP [3-14] 

J J 

With dh so defined, the general energy ecpiation becomes 

dQ = dh -]r ~ vdv [3 • 15] 

Jg 

The expression for the enthalpy change of a vapor or gas can be simpli¬ 
fied by recognizing that 

\pdV^\ VdP = \ d{PV) [3• IG] 

J J J 

This reduces equation 3 • 14 to 

dh = du + \d{PV) [3-17] 

J 

The change in enthalpy between any two conditions (1) and (2) may be 
expressed as 

/ h2 ru2 1 ri'zVi 

dh=du + - d{PV) [3-18] 

Jui d •dPlVi 

or 

^2 ■“ hi = U2 — Ui ~\--P2V2 ~jPlVI [3*19] 

This results in the general definition of enthalpy as ♦ 

h = u + jPV [3-20] 

An enthalpy change represents a convenient grouping of internal energy, 
expansion work, and flow work terms in one numerical quantity, with the 
result that attempts to assign a single simple physical meaning to the 
concept of enthalpy is extremely difficult. 
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Because the internal energy of a vapor depends on both temperature 
and pressure, values of enthalpy for vapors are evaluated from experi¬ 
mental data and organized in vapor tables. In some tables the internal 
energy is also listed but wherever the volume of the vapor is known, 
equation 3-20 may be used to calculate values of u. 

For gases and highly superheab'd vapors for which the general gas 
equation applies, changes in enthalpy may be evaluak'd from equation 
3 • 17. The internal energy change dv. may be replaced l)y cT, and PV 
may be evaluated from the general gas equation as RT, since one pound 
of gas is being considered. This results in 


dh = c^T + -dT 

J 



[3-21] 


In the lower temperature range where and Cp may be approximated as 
constant, it is a very simple thing to evaluate an enthalpy change from 
equation 3-21, but at higher temperatures where the specific heats of 
gases vary, the integration becomes tedious, since the equations relating 
Cp and T become quite involved. For that reason there is an increasing 
use of tables of gas properties that arc^ similar to vapor tables. 

3'8. Mol Specific Heats. The specific heat at constant volume 
Cvi and that at constant pressure Cp have been used in Btu per pound 
per degree Fahrenheit, and for many applications this is the most con¬ 
venient system of units. For other purposes, however, it is more 
useful to express specific heats in the mol unit of Btu per mol per degree 
Fahrenheit. When this is done they are designated by capital C instead 
of lower-case c, which refers to the pound unit. This means that 

Cv = Mol. wt. X Cv and Cp = Mol. wt. X Cp [3*22] 

The significance of the mol specific heat may be brought out by com¬ 
bining equation 2*2 with equation 2* 10 to give 


PV = — 4. = WRT [3*23] 

3 

For one mol of gas W =mol. wt. and mn = the mass per mol or mol. wt./gr. 
Using the value of R equals 1544/mol. wt., 

Mol, wt. vln. ___ 1544 y [Z-^A] 

g Z J 

The total kinetic energy of translation of the molecules in a mol of gas is 

Mol- wt. t^. ^ 3 r = 2.985r [3-25] 

g 2 2 J 
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This indicates that the change in kinetic energy of translation of gas 
molecules is 2.985 Btu per mol per deg F for all gases. 

For simple monatomic gases such as helium and argon, the single atom 
molecule has most of its mass concentrated in the heavy central nucleiLs 
so the kinetic energy of spin and vibration should be small and, as in all 
gase.% the potential energy changes due to molecular attraction are 



negligible. This would indicate that the value of for monatomic gases 
should be very close to the 2.985 Btu per deg F per mol suggested by 
equation 3*25. The fact that the experimental value of for helium 
and argon is 3.03 Btu per deg F per mol is good evidence of the validity 
of the concepts of the kinetic theory of gases. 

For diatomic gases and others with more complex molecules, internal 
kinetic energy is not only stored in the translational kinetic energy of 
the molecules, but also in their spin and vibration. Spin and vibration 
account for much of the total internal energy, and their importance 
increases at higher temperatures. This may be illustrated by the proper¬ 
ties of carbon dioxide (CO 2 ) which has a Cv of 6.90 Btu per deg F per 
mol at 500 deg R and this increases to 11.425 at 2000 deg R. Since the 
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kinetic energy of molecular translation accounts for 2.985 Btu per deg F 
per mol, spin and vibration account for 6.90 — 2.985 == 3.915 Btu per 
deg F per mol at 500 deg R and for 11.425 — 2.985 == 8.44 Btu per 
deg F per mol at 2000 deg R. This accounts for the constant specific 
heat of monatomic gases, for the moderate increase at higher tempera¬ 
ture for the diatomic gas(\s and the marked increase for carbon dioxide 
and water vapor as shown by Figure 3*4. 

Only values of are shown by Figure 3-4 because by using equation 
3 • 13, Cv may be readily calculated from the relation 




Mol. wt. 



Cv + 


mol. wt. X 1544 
mol. wt. X J 


Cv + 1.985 

[3-26] 


This means that the external expansion work done' while heating a gas at 
constant pressure is 1.985 Btu per deg F per mol and that this is the 
same for all gases and all prevssures and tc^mperatures. Thus, when a mol 
of CO 2 is h(‘ated one dc'gree at constant pressure near 500 deg R, the 
translational kinetic energy of the molecules accounts for 2.985 Btu, 
molecular spin and vibration for 3.915 Btu, and external expansion work 
for 1.985 Btu. Of this thermal energy that is added, only 1.985 Btu is 
involved in the external manifestation of expansion work and 6.90 Btu 
is stored in the random and uncontrolled motion of the molecules. 

3-9, Entropy. If it could be possible to handle each gas or vapor 
molecule individually, thermal energ}^ could be readily caused to do use¬ 
ful mechanical work. However, with each molecule moving, spinning, 
and vibrating in a completely random manner, such individual control 
is impossible and the method of converting thermal energy into mechan¬ 
ical work is more indirect and the resulting transformation is not com¬ 
plete. The only practical method so far devised for converting thermal 
energy into mechanical work is to take advantage of the pressure result¬ 
ing from molecular impacts and to cause it to do work as a gas or vapor 
expands behind a moving piston or to produce a high-velocity jet as it 
expands through a nozzle. 

When heat is added to a high-pressure gas or vapor, and work is done 
during expansion, the density of the gas decreases and its volume in¬ 
creases. The result is that work is being done by a medium that increases 
in volume as it does work and some of the energy added goes only to 
obtain an increased space for the gas or vapor to occupy. This can be 
illustrated by the cylinder and piston of Figure 3 • 5a and the correspond¬ 
ing pressure-volume diagram of Figure 3 • 5b. 

When the piston moves a distance ds the total work done by the expand¬ 
ing gas is PAds where A is the piston area. However, it must be recog- 
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nized that an amount of work PoAds has been done against the external 
pressure (Pq) and the useful work delivered to the piston rod of the 
engine is Fds = {P — Po)Ads, This means that the work done against 
the external pressure represents an internal energy decrease in the 



Fig. 3 *5. Useful expansion work. 


expanding gas in the cylinder that did no useful mechanical work on the 
piston rod of the engine. 

The instantaneous efficiency of such an operation is 


Efficiency 


Useful mechanical work done 
Total work done 


Efficiency = 


(P - Po)Ads 
PAds 


P-Po 

P 


[3-27] 


At first thought, it might seem possible to eliminate PoAds == PodV by 
sealing the space on the external side of the piston and pumping out all 
the gas in that space, thus reducing the external pressure Po to zero. 
However, after the expansion is completed the cylinder would be full of 
spent gas or vapor that would have to be forced out of the cylinder 
against the external pressure Po before a new working stroke could be 
started. Consequently, such a scheme would not eliminate the work 
PodV. , 

Under certain conditions this nonproductive work may be reduced 
somewhat by using a closed-cycle engine. Such an engine would use the 
same charge of gas in the cylinder at all times and work would be per¬ 
formed by alternately heating and cooling this gas. There is no com¬ 
mercial engine that operates in just this manner, but it does represent 
the most efficient cycle that has so far been conceived for converting 
thermal energy into mechanical work. 
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Equation 3 • 27 indicates that the highest possible conversion efficiency 
would be attained by having the pressure during expansion as high as 
possible and that during the return 
stroke as low as possible. 

This is illustrated by Figure 3*6 
which indicates the conditions in the 
cylinder during the expansion stroke 
when the gas temperature is T and 
its volume is V and during the com¬ 
pression or return stroke for the 
same gas volume in the cylinder 
when the tem]3erature is held at a To 
which would naturally Ix' that of the 
coolest temp(‘rature available, such 
as that of the water of a river. Since 
for the same volume of gas F, pres¬ 
sures are proportional to the tem- 



Fig. 3 6. Closcd-c} cle efficiency. 


peratures, the expression for the maximum efficiency for a closed cycle 
becomes 

WRT WRTq 

Efficiency = [ 3 . 28 ] 

V 


This adds a very important concept to the previously stated first law 
of thermodynamics, which, in conformity with the principle of conserva¬ 
tion of energy, states that thermal energy and mechanical energy are 
mutually convertible in the ratio of 778.26 ft-lb of mechanical work per 
Btu of thermal energy. To this statement must now be appended the 
proviso, known as the second law of thermodynamics, that this transforma¬ 
tion cannot be accomplished with equal ease in the two directions. 
Mechanical energy, being capable of complete control, can be readily 
and completely converted to thermal energy. Thermal energy, being 
in the form of random molecular motion that cannot be completely con- 
trollei^ can be converted to useful mechanical work only by an expan¬ 
sion process and the conversion is always incomplete. It is still true that 
when onefetu of thermal energy is converted to mechanical work, it will 
produce 778.26 ft-lb of work. The significant point is that only a part of 
each Btu of thermal energy can be converted by any known method, 
and this fraction becomes greater as the temperature is increased. 

Stated mathematically, when dQ Btu are added to a gas at an abso¬ 
lute temperature T, the maximum portion of this that can be caused to do 
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useful mechanical work is dQ 


(^) 


where Tq is the lowest tempera¬ 


ture available for cooling purposes. An amount T^dQ/T is unavailable 
for doing useful mechanical work, and this is the result of using an 
expansive medium whose volume insists on increasing as work is done. 

Whenever a conversion of thermal to mechanical energy is involved or 
contemplated, it is not suffi(‘ient to indicate only the quantity of heat 
added to a gas or vapor. It is just as important to report some measure 
of its degree of dispersion which will indicate its state of availability for 
conversion into mechanical work. For a given cooling temperature T’o, 

any operation that results in an increase in the value of J' ^ means that 

there is an increase in unavailable energy. The ratio dQ/T is such a use¬ 
ful measure of the condition at whi(‘h theianal energy exists, that it has 
been designated by the term cntro'py, which is defined by 


Change in entroi)y = ds = 


dQ 


[3-29] 


The concept of a change in entrop 3 q which represents the amount of 
heat added to a fluid, dividend by the absolute temj)erature at which it is 
added, has, for the sake of simplicity, been developed for the permanent 
gases, but it applies also to thermal energy in any medium. Its signifi¬ 
cance may be realized when it is remembered again that thermal energy 
stored in the random motion of molecules can be caused to do useful 
mechanical work only by virtue^ of the (expansion of a gas or vapor. 
There is an immense amount of thermal energy in the atmosphere about 
the earth, but with everything at the same temperature or (»nergy level, 
expamsive action is impossible and all this thermal energy is unavailable. 
It is only when a quantity of gas or vapor exists at a higher energy level 
than that of its surroundings that thermal energy is available to do 
mechanical work. 

Since the addition of heat to a finite quantity of a gas results in a 
temperature rise, the entropy change must be evaluated as an integral. 
When the heating is at constant volume, the heat added becomes 




"^^Wc^dT 
T 


[3-30] 


Similarly for constant-pressure heating, 
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Whenever the temperature change is in a range where the specific heat 
Cp or Cv may be considered as approximately constant the integration of 
entropy change is simple, but it becomes more involved when the specific 
heat must be treated as a variable. 


Example of Entropy Change and Available Energy 

If the exhaust gases of an internal-combustion engine leave at atmospheric 
pressure and at a temperature of 800 deg E what inaximum portion of this 
thermal energy is available to do useful work if the lowest available temperature 
is 80 deg F? 

If the exhaust gases are considered to have essentially the same specific heat 
as nitrogen, the average value of from Table 8 1 is 0.25 Btu per lb per deg R. 
To heat one ])ound from 80 deg F to 800 deg F at atmospheric pressure would 
require the addition of 

dQ = jT dT = c„iTi - Ti) = 0.25 X 720 = 180 Btu per lb 

The change in entropy during such a heating process is 

f- r'^^c.,dr Ti 1200 

I ""’i. V 

The unavriilable portion of the 180 Btu is TqAs = (460 -f 80) X 0.211 = 114 
Btu per 11), leaving 180 — 114 = 66 Btu per lb as the maximum portion that 
could possibly be converted to useful mechanical work. 


Suggested Reading 

Energy Equations, Enthalj)y, and Specific Heats of Gases 

Severns and Degler, Steam and Gas Power, Rages 11-30. 

The Energy Laws of Thermodynamics 
Emswiler, Thermodynamics. Chapter XVI. 

Energy Equations 

Sparks, Theory of Mechanical Refrigeration. Pages 5-15. 



CHAPTER 4 


PROPERTIES OF VAPORS AND GASES 

4*1. Characteristics of Vapors. The essential differences between 
vapors and gases previously discussed can probably be best illustrated 
on a pressure-volume diagram. In Figure 1 • 1 the relationship betwecai 
the temperature of a liquid and the vapor pressure exerted by its mole¬ 
cules was illustrated. The corresponding pressure-volume history of a 
pound of liquid as it is heated is shown by the saturated liquid line on the 
P-F diagram of Figure 4 1. 

As the liquid temperature is raised the vapor pressure increases as 
shown by Figure 1*2, but a very slight increase in liquid volume occurs. 
This means that most of the heat that is added is stored as internal 
energy of the liquid and very little energy goes to do external work of 
expansion. 

The history of one pound of the vapor is somewhat different and is 
shown by the saturated vapor line of Figure 4-1. At low temperatures 
the vapor molecules arc widely separated and this results in a very large 
volume per pound of vapor and a low pressure. As the temperature and 
pressure are increased the vapor density increases and the volume of a 
poimd of vapor becomes less. 

At high pressures the saturated vapor line proves to be a continuation 
of the saturated liquid line. This point, known as the critical pressure 
with a corresponding critical temperature represents a condition where all 
the molecules possess sufficient energy to overcome the molecular forces 
of attraction and it is impossible for a true liquid to exist. At this critical 
pressure and temperature liquid and vapor volumes are equal. The 
critical temperatures and pressures of a few important substances are 
given in Table 4-1. 

TABLE 41 

Critical Temperatures and Pressures 

Critical Temperature Critical Pressure in 


Vapor 

in Deg F 

Lb per Sq In. Abs 

Water (H 2 O) 

706 

3226 

Ammonia (NH 3 ) 

271 

1657 

Sulphur dioxide (SO 2 ) 

311 

1160 

Carbon dioxide (CO 2 ) 

88 

1070 


m 
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If a gas remains at a temperature greater than the critical value, as 7^4 
in Figure 4-1, it cannot be liquefied by merely increasing the pressure. 
This fact is of great commercial importance in the liquefying of gas. An 
example is the recovery of gasoline by liquefying natural gases in some 
oil fields. There are some natural gases for which ordinary atmospheric 
temperatures would lie between and T 4 (Figure 4 - 1 ). In such cases, 
gasoline recovery is impossible unless the gas is refrigerated to some 
lower temperature such as T 2 during the compression. 



Fig, 4*1. Pressure-volume chart. 

With the aid of Figure 4-1, the changes from liquid to vapor and to 
gas may be traced. Starting with liquid at the saturation pressure and 
temperature A, if heat is added and the pressure is held constant, the 
liquid begins to evaporate or vaporize at that temperature with a corre¬ 
sponding increase in volume. At point B it is saturated vapor and be¬ 
tween points A and J5 it is a mixture of liquid and vapor. This constant- 
pressure evaporation represented by A — B occurs at constant tempera¬ 
ture because the temperature cannot rise above the saturation value 
until all the liquid present is evaporated. 

When a fractional part x of a pound of liquid has been converted to 
vapor, the mixture of liquid and vapor has a quality x which is defined as 
the fractional part by weight of a liquid-vapor mixture that is in the 
vapor form. When enough heat has been added to vaporize all the pound 
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of liquid (point B, Figure 4-1) the quality x is unity and it is referred to 
as dry saturated vapor. If more heat is added at constant pressure, since 
there is no more liquid to evaporate, the temperature will rise and the 
volume will increavse. The energy added goes to increase the internal 
energy and do external expansion work. In the region to the right of the 
saturated vapor line (Figure 4-1), the vapor is superheated because it 
exists at a temperature higher than the saturation temperature for that 


pressure. 

If the vapor is superheatc'd further, a point C will be reached where it 
begins to act as a gas because the molecules are widely separated and 
possess so much kinetic energy that the forces of attraction between 
molecules have a negligible effect. The equation of the constant-temper¬ 
ature curve T 4 is the same as for the permanent gases, PV = constant. 
The water vapor in the atmosphere and in the products of combustion 
of fuels usually exists at such low pressures and densities that it may be 
dealt with as a gas in all practi(‘al cas(‘s. 

However, in the saturation and low supeilieat regions corresponding 
to the steam conditions in powTr plants and the n^frigerant pressure's and 
temperatures in vapor refrigerators, a constant-temperature curve is 

quite irregular and discontinuous 
§? ‘ ~f as illustrated by Tj and T 2 , Figure 

^ 1.4 - L - ^mixture region the con- 

£ 1.2 ---/A ^-cept of specific heat cannot be used 

I, ^ because as long as liquid is vapo- 

“ rizing, heat is being added with no 

^ 0.8 increase in temperature, and the 

g 0 . 6 —_ specific heat would have to be con- 

0 4 ——^ ™ ™ ceived as being infinite. 

I ^ ^ The dependence of the specific 

^ Temperature-hundreds of deg F c ^ 1 i 

^ ^ ^ , heat of superheated vapors on both 

Fig. 4-2. Specific heat of steam at ^ , , 

constant pressure. temperature and pressure, men- 

tioned in article 3 • 0, is illustrated by 
Figure 4-2. Low-pressure vapors that are highly superheated may be 
dealt with as gases, however, with fair accuracy. For steam near atmos¬ 
pheric pressure and at temperatures between 300 and 400 deg F, if values 
of the gas constant li equals 85.5 and Cp equals 0.47 Btu per lb per deg F 
are used, the results calculated from gas equations are satisfactory. At 
pressures around 1 lb per sq in. and temperatures near 100 deg F, values 
of R equals 85.6 and Cp equals 0.44 result in accurate predictions. How¬ 
ever, at any higher pressures and near saturation temperatures, the 
properties of steam and other vapors are listed in vapor tables instead of 
using the very elaborate equations necessary to express them. 
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4*2. Vapor Tables.^* 2 , 3 There are many ways in which the physical 
properties of vapor might be expressed and tabulated, but the method 
most universally used is associated with constant-pressure changes. 
When water evaporates in a st('am boih'r or into the atmosphere and 
when a refrigerant such as ammonia evaporates in the expansion coil of 
a refrigerator it is at constant pressure. When a vapor condenses in a 
condenser or when steam is superheated in a steam generator it is a con- 
stant-pr(\ssure pro(‘ess. These facts have resulted in the use of tables 
and charts of the properties of vapors based upon constant-pressure 
heating. 

It was pointed out in article 1*7 that for any given pressure there is 
one unique equilibrium temperature at which a liquid will boil, and this 
is known as the saturation temperature. In saturated vapor tables these 
values of saturation temperature aie lisb'd for each pressure, these 
pressures usually being in pounds per square inch absolute. The values 
in such tables are given for one pound of liquid, vapor, or mixture. The 
subscript / refers to the liquid or fluid condition, the subscript g to vapor 
or gas, m\dfg to the transition from liquid to saturated vapor. Thus, in 
such tables V; refers to the volume in cubic feet of one pound of liquid at 
the saturation temperature corresponding to that pressure. The symbol 
Vfg is the increase in volume during vaporization and Vg is the volume 
of one pound of saturated vapor. For a mixture of quality Xy the volume 
in cubic feet per pound of mixture would be calculated as 

Fnuxture =Vf + X Vfg OT - x)Vf + X Vg [4-1] 

The values of enthalpy h that are listed in vapor tables are defined in 
terms of the general energ}^ equation 3 (3, the definition of enthalpy 
change, equation 3 * 14, and the definition of enthalpy, equation 3*20. 

dQ = du.+ 1 PdV + \ VdP + ~ vdv [3-6] 

J J Jg 

dh = du+] PdV + \ VdP [3 • 14] 

J J 

h = u + \pV [3-20] 

J 

The most logical base or zero of reference for the measurement of 
enthalpy would be absolute zero of temperature, for at this point both 
the internal energy and enthalpy are theoretically zero. However, since 
the low-temperature range is of little interest in most engineering work, 
an arbitrary zero of temperature is used as a base above which internal 
energy is measured. 
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In the vapor tables for steam and other vapors used in power genera¬ 
tion, internal energy is measured above 32 deg F.^’ ^ Fqj. refrigerants ^ 
that operate at much lower temperatures, such a base as 32 deg F would 
result in the use of negative values of internal energy, which would be 
confusing. The result is that for refrigerants such as ammonia and 
sulphur dioxide the base of —40 deg F is arbitrarily used as the zero of 
reference for the measurement of internal energy. In any case, this 
base is not too important, since most problems involve only changes in 
internal energy. 

The -PV term of enthalpy h equation 3*20, is, as shown by equation 

*j 

3 • 14, the sum of the flow or pumping work and the expansion work in¬ 
volved in the generation of the vapor and to attempt to measure this 
above its value at some arbitrary zero would involve complications. As 

a result, the - PV portion of the enthalpy is evaluated for the total vol- 
d 

ume per pound V at that condition, and the total or absolute pressure P 
which in reality puts it on an absolute zero basis instead of the arbitrary 
zero of 32 deg F or — 40 deg F used for the internal energy. This theoret¬ 
ically inconsistent convention of evaluating the two components of the 
enthalpy concept on two different bases is done for practical reasons to 
simplify its use. 

Vapor tables list values of enthalpy of saturated liquid hf^ enthalpy 
increase during vaporization (A/g), and enthalpy of saturated vapor 
Qig). For a mixture of liquid and vapor having a quality x the enthalpy 
per pound of mixture is 

Amixture ” A/ -f" X A/g or = (1 x)hf -f" X Ag [4'2] 

Some vapor tables also list tables of the corresponding values of internal 
energy w, but in any case, the internal energy may be calculated for 
liquid, mixture, or vapor from equation 3 - 4 as 

U = h-\PV 14-3] 

J 


Example 


For saturated steam at P = 100 lb per sq in. absolute, Vg — 4.432 cu ft 
per lb and hg — 1187.2 Btu per lb 


u, = h,--PV, = 1187.2 - 


100 X 144 X 4.432 


1105.2 Btu per lb 


778.26 
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The evaluation of entropy as defined in equation 3-28 by ds = ^ 

requires the use of the general energy equation (3 • 6) and an appreciation 
of the fact that there can be no change in entropy without the addition or 
extraction of heat Q. It is possible for a gas or vapor to do work or have 
work done on it and thus experience a change in enthalpy and internal 
energy with no change in th(' unavailable energy or entropy. This, in 
fact, is the condition sought when, for example, steam is expanding and 
doing work in an engine cylinder or when a refrigerant is being com¬ 
pressed in a refrigeration unit. Since vapor tables are for static condi¬ 
tions, there is no acceleration woi*k involved and any flow work - VdP 

fj 

such as that of pumping feed water into a boiler, is assumed to be an 
enthalpy change that results from the performance of mechanical work 
and is not the result of the addition of heat. 

As used in vapor tables, entropy changes are defined by 

VdP 

, fdQ /■"- r 

The evaluation of this integral requires th(^ formulation of the properties 
of liquids and vapors from experimental data which becomes quite 
involved, and this is the reason for the' use of vapor tables. Values of 
entropy are referred to the same temperature base, 32 deg F or —40 deg 
F that is used for enthalpy. 

Tables list values of entropy of liquid s/, entropy change during vapor¬ 
ization Sfg and entropy of saturated vapor Sg. As in the case of enthalpy, 
the entropy of a mixture of vapor and liquid of quality x is 

5mixturr = Sf + X Sfg = (1 - x)Sf + 0* [4*5] 


Since the vaporization takes place at constant pressure and at constant 
temperature , fhc entropy change during vaporization can be cal¬ 
culated from equation 4-4 as 





hfg 

Tsai. 


[4-6] 


In the superheat region, to the right of the saturated vapor line in 
Figure 4-1, the vapor tables list values of specific volume, enthalpy, and 
entropy of superheated vapor at various temperatures for each pressure. 
The temperatures are reported as the total temperature and also as 
degrees of superheat which is the difference between the total temperature 
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and the saturation value at that pressure. Changes in enthalpy during 
a constant-pressure superheating for which dP = 0 are given from equa¬ 
tion 3 • 14 as, 



dh 

const. 


dii + - PdV 

= const. 


[4-7] 


In the same manner entropy changes in this region may be evaluated 
from equation 4-4. When the properties of superheated vapors are 
required at values of temperature and pressure that fall between the 
increments used in the ta))les, a two-way interpolation is required, but 
such tables arc so constructed that straight-line mterpolation gives values 
that are sufficiently accurate for most purposes. 

4*3. Vapor Calculations. When making any calculations for vapors 
or gases, it is vitally important to keep the physical meaning of equation 
3-6 constantly in mind, and to be certain what energy changes are 
involved in any given problem. For example, the acceleration work is 
ignored in practically all problems except the formation of jets in 
nozzles. The changes in velocit}^ of gases and vapors that do occur in 
engines and compressors represent amounts of energy that are quite 
small when compared vith the other energy changes usually involved, 
the chief exception being that of low-pressure blowers which deliver 
most of the energy in the form of increased gas or vapor velocity. 

The flow work term of equation 3-G is present only when a fluid is 
actually moved from one region to another, as when a new charge of 
steam flows from a boiler to an engine or during the suction stroke^ in a 
compressor. The integral of VdPjJ may sometimt's have a finite math¬ 
ematical value where no flow work is actually involved. An example of 
this is that of heating a quantity of vapor or gas to a higher pressure and 

temperature with no change in volume. For this situation. 



would have a value of 


V 

J 


(P 2 — Pi), but this would have no meaning in 


this problem since no flow work is involved. It is always necessary to 
look at the actual physical problem involved and to avoid permitting it 
to become merely a mathematical equation. 

There are many engineering problems that are solved by the use of 
vapor tables, but a few illustrations will serve to illustrate the general 
pattern of procedure. In general, the initial conditions of the liquid or 
vapor are known and enough is known or must be assumed about the 
process involved to determine the final conditions from the tables. It is 
helpful to remember that once the pressure and quality or superheat of 
a vapor are known, the specific volume, internal energy, enthalpy, and 
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entropy are uniquely determined, regardless of the manner in which the 
vapor arrived at that condition. On the other hand, expansion work, 
flow work, acceleration work, and heat added or withdrawn arc deter¬ 
mined by the particular operation involved. At all times the energy 
equation must be satisfied or, 

dQ= f du + \ f PdV + \ f VdP + ^ f vdv 14-8] 
J\ J Ji J JqJi 



Example of Constant-Pressure Heating 

Consider wet steam that is 0.10 moisture or has a cjuality x = 0.9, leaving tlie 
boiler of a steam generator at 300 lb per sq in. absolute and being heated at con¬ 
stant pressure in the superheater tubes to a filial temperature of 600 deg F. 
From steam tables,^ the initial temperature of the steam is 417.33 and the initial 
volume of the steam is 


{I ^ x^) Vn + = 0.1 X 0.01890 + 0.9 X 1.5433 = 1.391 cuft per lb 


/j,i = hsi + xyhf^i = 393.83 + 0.9 X 809.0 = 1121.9 Btu peril) 

The initial internal energy may be found in a similar manner from tables listing 
it or 


u, = hi- \ PiVi = 1121.91 
J 


144 X 3(K) X 1.391 
778 


1044.4 Btu per lb 


The initial entroi)y is 

Si = .^1 + xi .s/gi = 0.5879 + 0.9 X 0.9225 = 1.4182 Btu per lb per deg F 

From the superheat tables at 300 lb per sq in. and a temperature of GOO deg F, 
Vi = 2.005 cu ft per lb, hi = 1314.7 Btu per lb, and h = 1.6268 Btu per lb per 
degF. The internal energy 


Ui == hi - - PiVi = 1314.7 
J 


300 X 144 X 2.005 
778 


1203.7 Btu per lb 


For this particular case, the acceleration work or change in kinetic 
energy may be ignored because the flow velocity in the superheater 
tubes does not represent much energy. In this connection, it is of inter¬ 
est to note that when one Btu goes into the kinetic energy of one pound 
of fluid, it will produce a velocity given by 




vdv 

Jg 


or 1 = 


2Jg 


or 


j; = V 2Jg = 224 ft per sec 
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Since this is assumed to be a constant-pressure heating, it is implied 
that pressure losses in the superheater are negligible, so the flow work is 
neglected. This reduces equation 4 • 8 for Pi = P 2 to 

1 AQ 2 = + i P 2 F 2 - j PiFi [4-9] 


This may be recognized as /?2 — Ai, the heat that must be added is 
1314.7 — 1121.9 = 192.8 Btu per lb. The change in internal energy 
U 2 — Ui = 1203.7 — 1144.4 = 159.3 Btu per lb. This means that the 
expansion work done during this heating process is 192.8 — 159.2 or 
33.5 Btu per lb. 

If this pound of vapor and liquid had been heated at constant pressure 
in an engine cylinder, this expansion work would have been done directly 
on the engine piston. Since it was done in a steam generator, the expan¬ 
sion work went to push another pound of steam, previously generated, 
into the engine or turbine that loads the boiler, so the effect is precisely 
the same. 

Since the entropy change involved was .^2 — si = 1.6268 — 1.4182== 
0.2086, for a lowest available temperature of 70 deg F or To = 530 deg 
R, the increase in unavailable energy is A.sTo = 0.2086 X 530 = 110.8 
Btu per lb. This means that even with a heat engine having the highest 
conceivable efiiciency, only 192.8 — TqAs = 192.8 ~~ 110.8 = 82.0 Btu 


per lb or 


82.0 


= 0.426 of the total amount of heat added could ever be 


192.8 

converted into useful mechanical work. 


Example of Throttling 

The familiar occurrence of a gas or vapor at a high pressure which is allowed to 
rush through a valve or other opening into a region at a lower pressure is known 
as throttling^ when the high velocity of the vapor as it passes through the opening 
is allowed to revert to thermal energy by a process of turbulent mixing in the 
low-pressure region. If this process is assumed to occur quickly enough to pre¬ 
clude the possibility of any heat transfer, and if the initial and final kinetic 
energy are negligible, the energy equation for such conditions could be written 

0 = du + -PdV + -VdP [4-10] 

J J 

This is equivalent to saying that there is no change in enthalpy or that hi = ^ 2 . 
Such would be true of dry saturated steam at 100 lb per sq in. absolute pres¬ 
sure being throttled to 15 lb per sq in. absolute for use in a heating system. 
From steam tables, vi = 4.43 cu ft per lb, hi = 1187.2 Btu per lb and si = 1.6026 
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Btu per lb per deg. From the superheat tables for hi — the final temperature 
would be 289 deg F. Also — 29.43 cu ft per lb and S 2 = 1.8066. This repre¬ 
sents a drop in temperature from 327.81 deg F to 289 deg F with an increase in 
volume from 4.43 to 29.43 cu ft per lb. 

The really significant thing about such a throttling process is that even though 
no heat has been conducted away, there is a great increase in the dispersion or 
scattering of the original energy that is reflected in the entropy increase of 
1.8066 — 1.6026 = 0.2040. For a lowest available temperature of 530 deg R, 
this throttling process has increased the amount of thermal energy that cannot, 
by any known means, be converted into useful mechanical work by an amount 
= 108 Btu per lb or 84,000 ft-lb per lb of vapor. 

4*4. Low-Temperature Gas Calculations. Evaluating the proper¬ 
ties of the permanent gas(\s at low temperatures is a simpler procedure 
than it is to do the same thing for vapors. The phenomenon of vapori¬ 
zation is not present; pressure volume and temperature are simply 
related by the general gas equation; the specific heats are independent of 
pressure; and at temperatures below 500 deg F, the variations in specific 
heats are not so great but that the various terms of the energy equation 
may be evaluated with fair accuracy by avssuming these specific heats as 
constant. These facts greatly simplify calculations for gas compressors, 
blowers, and allied low-temperature applications and it is for use in such 
problems that the values of Cp, c^, Cp/cv, and gas constant R are included 
in Table 3*1. These data are from the same source as Figure 3*4 and 
cover the gases usually involved in engineering problems. 

Gases are heated at constant volume in internal-combustion engines 
and at constant pressure in furnaces, air heaters, etc. For simple con¬ 
stant-volume and (constant-pressure heating and cooling problems, the 
acceleration and flow work terms of the general energy equation 3 • 6 are 
usually not present and the other terms arc readily integrated and eval¬ 
uated when Cv and Cp are considered constant. Entropy changes during 
such heating and cooling operations are evaluated from 

^ , T2 ..... 

const. J T 2.3Cp logio [4*11] 

const. = = 2.3cjogio— [4*12] 

When a gas is compressed in the cylinder of a reciprocating compressor 
it is usually cooled to prevent excessive temperature rise and to reduce 
the amount of compression work required. Completely successful cool¬ 
ing would be represented by a constant-temperature operation and no 
cooling whatever would correspond to the case where no heat is removed 
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or added or dQ = 0 in the energy equation. The constant-temperature 
condition is known as an isothermal change and when no heat is added or 
removed, the change is known as adiabatic. 

For an operation that is pcTformed in the cylinder of a compressor or 
engine the flow work and acceleration work terms of the energy equation 

are not present and for an isothermal 
change where dT is zero, the energy 
equation becomes 

dQ = \pdV [4 13] 

*J 

For such a compression the total work 
done is represented in Figure 4 • 3 by the 
area a}2b. Since the value of the com¬ 
pression work term integral depends 
Fig. 4 3. Ibothermal compression xi. . r • -x • 

upon the type ot compression, its in¬ 
tegration may be accomplished by 
replacing P by its equivalent value' in terms of V. Since PV = 
PiVi — P 2 y 2 for a constant-temperature case 



PiVi _ P 2 V 2 
V V 


[4-14] 


Combining equations 4 • 13 and 4 • 14 results in 

The integration of equation 4 15 gives 

1AQ 2 = —j~ 


Since for a compression stroke, F 2 is smaller than Vi, the work term 
comes out negative. This is consistent with the signs of the energy 
equation in which work done by the gas is designated as a positive term, 
and since this work was done on the gas it should be represented by a 
negative quantity. In the same way, 1 AQ 2 coming out as a negative 
quantity indicates that heat was withdrawn. Since PiVi equals WRTi 
and for an isothermal change PiVi equals P 2 V 2 , equation 4-16 may 
also be written 


1AQ2 ~ 


WRTi , Pi 


[4-17] 
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when it is more convenient to have it expressed in terms of pressure and 
temperature. 

When the compression is adiabatic dQ = 0 as before, and the flow and 
acceleration work terms are zero. This reduces the energy equation to 

0=Wc4T + \pdV [4-181 


Here all external compn'ssion work goes to increase the internal energy 
and for an expansion, the work done by the gas is at the expense of th(} 
internal energy. For an adiabatic compression from a temperature 
Ti to 7 ^ 2 , the internal energy increase is 



or 


[Wc,{T, - T,)] 


and the work term is [ — lFc„( 7^2 ~ 7"i)]. 

The characteristics of an adiabatic compression may be established by 
integrating equation 4 • 18, but before that (‘an be accomplished the three 
variables of equation 4*18 must be reducx'd to two by substituting from 
the differentiated general gas equation, PV = WRT. Differentiating 
this, 

PdV+ VdP = WRdT [4-19] 


Eliminating dT between equations 4-18 and 4-19 and separating vari¬ 
ables 

^ PdV + ^ VdP + \ PdV = 0 
R lx J 


( 


j) V 


Cv dP 

'liT 


[4-20] 


Integrating this for a compression between Pi, V\ and P 2 , ¥ 2 - 

iV V2 c„ -^2 _ £v, A 

\R // Fi “ R Pi "■ R P 2 


or 


/v P, 

fllj = id or PiVp-''''” = P 2 Vy^’' 

Wi/ Pi 


[4-21] 


Since ~ called 7 , the relationship 

between pressure and volume during an adiabatic change is 

PiFl = P 2 kl = PV^ = Constant [4-22] 

Some problems are more conveniently solved in terms of pressure and 
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temperature, and the corresponding P, T equation may be had by 
eliminating V between equation 4 • 22 and the general gas equation 


PiFi ^ ^ ^ PV 
Ti Tz ~T 


V2 P1T2 T2 

V[ P 2 T 1 W Ti W , 


[4-23] 


There are other low-temperature gas problems that are involved in 
engineering calculations, but the previously discussed constant-volume, 
constant-pressure, isothermal, and adiabatic changes cover the majority 
of applications and illustrate the method of attack. 


Examples of Isothermal and Adiabatic Changes 


The use of gas equations and a comparison of isothermal and adiabatic changes 
may be illustrated by the compression of one pound of air from atmospheric 
pressure and 70 deg F to a final pressure of 100 lb per sq in. gage. The initial 
volume is 


WETi ^ 1 X 53.3 X 530 
Pi “ 14.7 X 144 


13.35 cu ft per lb 


The final temperature at the end of an isothermal compression is, of course, 
70 deg F and at the end of an adiabatic compression it is found from equation 
4-23 as 


T2 = Ti 




530 




= 955 deg R 


or ' 495 deg F 


For an isothermal compression the heat extracted, which is also equal to the 
compression work done, is 


1AO2 = iWork2 = 


WBTi 

J 



WRTi, 


R 2 

Pi 


or 


1 X 53.3 X 530 
778 


X loge 


114.7 

14.7 


—74.5 Btu per lb 


-74.5 X 778 = - 57,900 ft-lb per lb 


The minus sign indicates heat extracted and work done on the gas. For an 
adiabatic compression since the work done on the gas is stored in the form of 
increased internal energy, 

rTi 

Compression work = — / Wc^dT — —WcviT^ — Ti) 

Jtx 

= -1 X 0.172 X (955 - 460) 


= —85.2 Btu per lb 
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4*6. Gas Tables ^ and Their Use. The rapid increase in the specific 
heats of gases at higher temperatures shown in Figure 3 • 4 makes calcu¬ 
lations based on the assumption that they are constant entirely too 
inaccurate for even rough calculations. Owing to the form of these 
specific heat-temperature curves, the equations expressing them are too 
involved for everyday use. For these reasons tables that give the proper¬ 
ties of gases at higher temjxn atures have been prepared ^ for use in the 
high-temperature problems involved in internal-combustion engines, 
furnace gases, and gas turbines. 

The problem of pn^paring tables is similar to that of preparing super¬ 
heated vapor tables, with the exception that for gases and Cp are not 
dependent upon pressure, but are functions of temperature only. There 
is no need for listing gas volumes, sin(‘e they may be readily calculated 
from the general gas equation. The concept of internal energy as 


u 



CydT is the same for gases as for vapors, but in gas tables it is 


advantageous to modify the vapor concept of enthalpy as discussed 


in article 4*2. 


There enthalpy was defined h = u + 


PV 

T 


with u being 


measured from an arbitrary temperature base and PV/J being an abso¬ 
lute or total quantity. 

For a gas, since for one pound PV = RT it is far better to measure 
both terms from the same base. Consequently, in the gas tables that 
use 540 deg R or 80 deg F as a base, gas enthalpy is defined by 


and 


A = f icv + ^dT= f CpdT 

•/ 540 ^ d / J 540 

=/ 


u = I c^T 
^540 


Since entropy is defined as 

-/f=/ 


+ - Pdv 

J 


[4-24] 

[4-25] 

[4-26] 


it is definitely dependent upon the manner in which the temperature is 
increased, whether at constant pressure, constant volume, or otherwise. 
This would mean that a general entropy table would list values at each 
pressure and temperature combination just as is done in superheated 
vapor tables. 

This complication is avoided in gas tables by taking advantage of the 
fact that the entropy of a gas is determined when any two of the three 
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variables, pressure, temperature, and volume, are specified. When a 
problem is being solved in terms of temperature and volume, the com¬ 
ponents illustrated by Figure 4-4 are most convenient and when the 
variables temperature and pressure are known the components of Figure 
4 • 5 are best. 

The entropy change from conditions 1 to 2 as shown in Figure 4 • 4 may 
be broken up into the algebraic sum of the change at constant tempera¬ 
ture Ti to the volume Y 2 at 2' plus the change along the constant volume 
from Ti to T '2 represented by 2' — 2. An alternate method is to take 



V V 

Fig. 4-4. Temporatuni-vulume com- Fig. 4.5. Temperature-pressure com¬ 
ponents of entropy change. ponents of entropy change. 


the algebraic sum of the constant-volume entropy change from 1 to 1' 
and the constant-temperature entropy change from Vi to V 2 along the 
constant-temperature 1' — 2, which is, of course, the exact equivalent of 
the first method. 

If the variables, temperature and pressure, are being used the method 
indicated by Figure 4 • 5 is convenient. Then the entropy change at con¬ 
stant temperature from Pi to P 2 would be added algebraically to the 
entropy change at constant pressure from Ti to T 2 . 

In gas tables it is necessary to provide values of entropy changes at 
constant temperature, constant volume, and at constant pressure. 
These are evaluated from the entropy equation 4*26. At constant 
temperature dT is zero, so equation 4 • 26 becomes 



[4-28] 
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Since for constant temperature PiVi = ^his may also be written 

as 

A,s j. = ^ loR, ^ [4 -29] 

J I 2 


Since entropy changes at constant temperature are so simple to cal¬ 
culate, no tables of values arc required. As a result the following gas 
tables include values of 


u = 







(ylT 

T~ 


and of Sp = 



which have been calculated ^ from experimental 


data. 

All are based on a zero value of 80 deg F or 540 deg R, and Table 4 • 2 
for air assumes a weight composition of O 2 = 0.23; N 2 = 0.756; Ar = 0.014 
for air. Table 4 • 8 for water vapor is based on the Cp values at zero pres¬ 
sure shown in Figure 4 • 2 and can be used only for very low-pressure cal¬ 
culations. 

When the properties of gas mixtures are needed they can be calculated 
from Tabl(\s 4-2 to 4-8 because all the properties are additive. For 
example, h at 800 deg R for a mixture of one part by weight N 2 and two 
parts CO would be givc'ii by 


1 X /?No + 2 X AGO 1 X 64.8 + 2 X 65.1 

---or- 


65.0 Btu per lb 


In internal-combustion engiru' calculations, it is necessary to deal with 
the products of combustion. Since the properties of such a gas mixture 
do not vary radically with composition, Table 4*9 has been included for 
such work. It is accurate for the theoretical combustion of a fuel that 
is 0.85 carbon and 0.15 hydrogen by weight burned with 20 per cent 
excess air, and thci values given may be used with fair accuracy for most 
mixtures met in practice. This particular table is for a final gas com¬ 
position by weight of CO 2 = 0.1634, H 2 O = 0.0708, N 2 = 0.7295, and 
O 2 = 0.0363 for which the gas constant R = 53.6. 

Once the basis upon which these gas tables have been calculated is 
understood, their use is simple and direct. For example, if 1 lb of com¬ 
bustion mixture (Table 4-9) in an engine cylinder at 1000 deg R absorbs 
500 Btu per lb during a constantz-volume burning, all this added heat 
goes to increase the internal energy u. The final u is niooo + 500 = 
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88.0 + 500 = 588 Btu per lb. Interpolating between 3100 and 3200 
deg R in Table 4-9 gives the final temperature as 3126 deg R. From 
the Sv tables the entropy change may be calculated, and the increase in 
unavailable energy for any lowest available temperature Tq may be 
found from An exactly similar procedure would be followed for 

a constant-pressure heating, using h and Sp instead of u and 

Another example of the use of the gas tables would be that of 1 lb of 
combustion mixture (Table 4*9) at 3500 deg R that is expanded without 
turbulence or heat transfer until its final volume V 2 is six times its initial 
volume Vi, Since for this type of adiabatic expansion dQ = 0, it is also 
a constant entropy change, with h'mperature and volume as working 
variables (Figure 4*4). The initial entropy = 0.4085 and the entropy 
increase during the constant-temperature expansion to the final volume 
is, from equation 4 • 28, 

Ast = j log. ^ X 2.3 logic ^ = 0.1240 

Since the final total entropy is Sv 2 + As^r and this must be equal to the 
initial value of Svi = 0.4085, it follows that for a constant entropy ex¬ 
pansion 

Sv 2 = Svi — Asy = 0.4085 ~ 0.1240 = 0.2845 

Locating this value of 8^2 in Table 4-9 gives a final temperature of 
2146 deg R and a final internal energy U 2 = 341.9 Btu per lb. The 
initial internal energy is ui = 686.2 and the decrease Ui — U 2 — 686.2— 
341.9 = 344.3 Btu per lb. Since, for an adiabatic or constant entropy 
change the external expansion work done by the mixture is equal to the 
decrease in internal energy, the total expansion work performed is also 
344.3 Btu per lb of combustion mixture. 
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TABLE 4-2 
The Pound of Air 


T °R 

h 

u 

Sp 

St, 

T °R 

h 

u 

Sp 

Sv 

570 

7.1 

5.1 

.0130 

.0093 

2600 

545.8 

404.7 

.4058 

.2981 

600 

14.4 

10.3 

.0254 

.0182 

2700 

574.7 

426.7 

.4167 

.3064 

650 

26.4 

18.9 

.0445 

.0318 

2800 

603.7 

448.9 

.4273 

.3145 

700 

38.5 

27.6 

.0624 

.0446 

2900 

632.8 

471.1 

.4375 

.3223 

750 

50.6 

36.3 

.0792 

.0567 

3000 

662.1 

493.5 

.4474 

.3299 

800 

62.8 

45.0 

.0949 

.0680 

3100 

691.5 

516.0 

.4570 

.3373 

860 

75.0 

53.8 

.1097 

.0786 

3200 

720.9 

538.7 

.4663 

.3444 

900 

87.3 

62.6 

.1237 

.0887 

3300 

750.5 

561.5 

.4754 

.3514 

950 

99.6 

71.5 

.1370 

.0983 

3400 

780.2 

584.3 

.4843 

.3582 

1000 

112.0 

80.5 

.1497 

.1075 

3500 

810.0 

607.2 

.4930 

.3649 

1050 

124.5 

89.6 

.1619 

.1163 

3600 

839.8 

630.2 

.5014 

.3714 

1100 

137.1 

98.7 

.1736 

.1248 

3700 

869.7 

653.2 

.5096 

.3777 

1150 

149.7 

107.9 

.1848 

.1330 

3800 

899.7 

676.4 

.5175 

.3839 

1200 

162.4 

117.2 

.1957 

.1409 

3900 

929.8 

699.6 

.5253 

.3899 

1250 

175,2 

126.6 

.2061 

.1486 

4000 

960.0 

722.9 

.5329 

.3958 

1300 

188.1 

136.0 

.2162 

.1560 

4100 

990.2 

746.3 

.5404 

.4016 

1350 

201.1 

145.5 

.2260 

.1632 

4200 

1020.5 

769.7 

.5477 

.4072 

1400 

214.1 

155.1 

.2355 

.1702 

4300 

1050.8 

793.2 

.5549 

.4127 

1450 

227,2 

164.8 

.2447 

.1770 

4400 

1081.2 

816.7 

.5619 

.4182 

1500 

240.3 

174.5 

,2536 

j 

.1836 

4500 

1111.7 

840.3 

.5687 

.4235 

1600 

266.8 i 

194.2 

.2707 

.1963 

4600 

1142.2 

864.0 

.5754 

.4287 

1700 

293.7 

214.2 

.2870 

.2085 

4700 

1172.8 

I 887.7 

.5820 

.4338 

1800 

320.9 

234.5 

.3026 

.2201 

4800 

1203.4 

911.5 

.5884 

.4387 

1900 

348.4 

255.1 

.3174 

.2312 

4900 

1234.1 

935.3 

.5947 

.4436 

2000 

376.0 

275.9 

.3316 

.2419 

5000 

1264.8 

959.2 

.6009 

.4484 

2100 

403.8 

297.0 

.3452 

.2521 

5100 

1295.6 

983.1 

.6070 

.4532 

2200 

431.8 

318.2 

.3582 

.2620 

5200 1 

1326.4 

1007.1 

.6130 

.4578 

2300 

460.0 

339.6 

.3708 

.2715 

5300 

1357.2 

1031.1 

.6189 

.4624 

2400 

488.4 

361.1 

.3829 

.2806 

5400 

1388.1 

1055.1 

.6247 

.4669 

2500 

517.0 

382.8 

.3945 

.2895 

5500 

1419.1 

1079.2 

.6304 

.4714 
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TABLE 43 

The Pound of Nitrogen 


T °R 

h 

u 


St, 

T °R 

h 

u 


Sv 

570 

7.4 

5.3 

.0134 

.0096 

2600 

559.8 

413.8 

.4165 

.3051 

600 

14.9 

10.7 

.0263 

.0189 

2700 

589.4 

436.4 

.4277 

.3136 

650 

27.3 

19.6 

.0460 

.0328 

2800 

619.2 

459.1 

.4385 

.3219 

700 

39.8 

28.5 

.0645 

.0460 

2900 

649.2 

481.9 

.4490 

.3299 

750 

52.3 

37.4 

.0818 

.0585 

3000 

679.3 

504.9 

.4592 

.3377 

800 

64.8 

46.4 

.0980 

.0702 

3100 

709.5 

528.0 

.4691 

.3453 

850 

77.4 

55.4 

.1132 

.0811 

3200 

739.8 

551.3 

.4787 

.3526 

900 

90.0 

64.5 

.1276 

.0914 

3300 

770.2 

574.6 

.4881 

.3598 

950 

102.7 

73.6 

.1412 

.1012 

3400 

800.7 

598.1 

.4972 

.3668 

1000 

115.4 

82.8 

.1542 

.1106 

3500 

831.3 

621.6 

.5061 

.3736 

1050 

128.2 

92.0 

.1667 

.1196 

3600 

862.0 

645.2 

.5148 

.3803 

1100 

141.0 

101.3 

.1787 

.1283 

3700 

892.8 

668.8 

.5232 

.3868 

1150 

153.9 

110.7 

.1902 

.1367 

3800 

923.6 

692.6 

.5314 

.3931 

1200 

166.9 

120.2 

.2013 

.1447 

3900 

954.5 

716.4 

.5394 

.3993 

1250 

180.0 

129.7 

.2120 

. 1525 

4000 

985.5 

740.3 

.5472 

.4053 

1300 

193.2 

139.3 

.2223 

.1600 

4100 

1016.5 

764.2 

.5549 

.4112 

1350 

206.4 

149.0 

.2323 

.1673 

4200 

’ 1047.6 

788.2 

.5624 

.4170 

1400 

219.7 

158.8 

.2419 

.1744 

4300 

1078.8 

812.3 

.5697 

.4227 

1450 

233.0 

168.6 

.2513 

.1813 

4400 

1110.0 

836.4 

! .5769 

.4283 

1500 

246.5 

178.5 

.2604 

.1880 

4500 

1141.2 

860.6 

.5839 

.4337 

1600 

273.6 

198.6 

.2780 

.2010 

4600 

1172.5 

884.8 

.5908 

.4390 

1700 

301.1 

218.9 

.2947 

.2134 

4700 

1203.8 

909.1 

.5975 

.4442 

1800 

328.9 

239.6 

.3106 

.2252 

4800 

1235.2 

933.4 

.6041 

.4493 

1900 

357.0 

260.6 

.3258 

.2366 

4900 

1266.7 

957.7 

.6106 

.4543 

2000 

385.4 

281.9 

.3403 

.2475 

5000 

1298.2 

982.1 

.6169 

.4592 

2100 

414.0 

303.4 

.3542 

.2580 

5100 

1329.7 

1006.5 

.6232 

.4641 

2200 

442.8 

325.1 

.3676 

.2681 

5200 

1361.2 

1031.0 

.6293 

.4688 

2300 

471.7 

347.0 

.3805 

.2778 

5300 

1392.8 

1055.5 

.6353 

.4735 

2400 

500.9 

369.1 

.3929 

.2872 

5400 

1424.4 

1080.0 

.6413 

.4781 

2500 

530.3 

391.3 

.4049 

.2963 

5500 

1456.0 

1104.5 

.6471 

.4826 
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TABLE 44 
The Pound of Oxygen 


T °R 

h 

w 


Sv 

T "R 

h 

u 

Sp 

.s’v 

570 

6.6 

4.7 

.0118 

.0085 

2600 

518.1 

390.3 

.3838 

.2863 

()()() 

13.2 

9.5 

.0232 

.0167 

2700 

545.4 

411.4 

.3941 

.2943 

C50 

24.3 

17.5 

.0409 

.0294 

2800 

572.8 

432.6 

.4041 

.3020 

700 

35.5 1 

25.6 

.0575 

.0414 

2900 

600.3 

453.9 

.4137 

.3094 

750 

46.8 1 

33.8 

.0730 

.0527 

3000 

627.8 

475.3 

.4231 

.3167 

800 

58.1 

42.0 

.0877 

.0633 

3100 

655.5 

496.7 

.4321 

.3237 

850 

69.5 

50.3 

.1016 

.0734 

3200 

683.3 

518.3 

.4409 

.3306 

900 

81.1 

58.8 

.1148 

.0831 

3300 

711.2 

540.0 

.4495 

.3373 

950 

92.8 

67.4 

.1273 * 

.0923 

3400 

739.2 

561.8 

.4579 

.3438 

1000 

104.5 

67.0 

.1394 

.1012 

3500 

767.3 

583.7 

.4660 

.3501 

1050 

116.4 

84.7 

.1510 

.1098 

3600 

795.5 

605.6 

.4739 

.3563 

1100 

128.4 

93.6 

. 1622 

.1180 

3700 

823.8 

627.7 

.4817 

.3623 

1150 

140.5 

102.6 

.1729 

.1260 

3800 

852.1 

649.9 

.4893 

.3682 

1200 

152.7 

111.7 

.1833 

.1337 

3900 

880.6 

672.2 

.4967 

.3740 

1250 

165.0 

120.9 

.1933 

.1412 

4000 

909.1 

694.5 

.5039 

.3797 

1300 

177.3 

130.1 

.2030 

.1485 

4100 

937.8 

716.9 

.5109 

.3852 

1350 

189.7 

139.5 

.2124 

.1555 

4200 

966.5 

739.5 

.5178 

.3906 

1400 

202.2 

148.9 

.2215 

.1621 

4300 

995.3 

762.1 

.5246 

.3959 

1450 

214.8 

158.4 

.2303 

.1691 

4400 

1024.2 

784.8 

.5313 

.4012 

1500 

227.5 

167.9 

.2389 

.1756 

4500 

1053.2 

807.5 

.5378 

.4063 

1600 

253.0 

187.2 

.2554 

.1880 

4600 

1082.2 

830.4 

.5442 

.4113 

1700 

278.7 

206.7 

.2710 

.1998 

4700 

1111.4 

853.3 

.5505 

.4162 

1800 

304.6 

226.5 

.2858 

.2111 

4800 

1140.7 

876.4 

.5566 

.4211 

1900 

330.8 

246.5 

.2999 

.2219 

4900 

1170.0 

899.6 

.5626 

.4258 

2000 

357.2 

266.7 

[ .3134 

.2322 

5000 

1199.4 

1 922.8 

.5685 

.4305 

2100 

383.7 

287.0 

.3264 

.2421 

5100 

1 1228.9 

946.1 

.5744 

.4351 

2200 

410.3 

307.4 

.3388 

.2516 

5200 

1258.4 

969.4 

.5802 

.4396 

2300 

437.1 

327.9 

.3507 

.2608 

5300 

1288.1 

992.8 

.5858 

.4441 

2400 

464.0 

348.6 

1 .3621 

.2696 

5400 

1317.8 

1016.3 

.5914 

.4485 

2500 

491.0 

369.4 

.3732 

.2781 

5500 

1347.5 

1039.8 

.5969 

.4529 
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[Chap. 4 


TABLE 45 

The Pound op Hydrogen 


T °R 

h 

u 

fip 


T °R 

h 

u 

Sp 

8v 

570 

103 

73 

0.185 

0.131 

2600 

7350 

5321 

5.554 

3.996 

600 

206 

147 

0.361 

0.258 

2700 

7732 

5604 

5.688 

4.103 

650 

378 

270 

0.637 

0.45-1 

2800 

8117 

5891 

5.827 

4.207 

700 

551 

393 

0.892 

0.637 

2900 

8504 

6180 

5.963 

4.308 

750 

724 

517 

1.131 

0.808 

3000 

8894 

6472 

6.095 

4.407 

800 

896 

640 

1.355 

0.968 

3100 

9286 

6766 

6.224 

4.503 

850 

1069 

764 

1.565 

1.118 

3200 

9681 

7062 

6.349 

4.597 

900 

1243 

888 

1.763 

1.260 

3300 

10079 

7361 

6.472 

4.689 

950 

1416 

1013 

1.951 

1.395 

3400 

10479 

7663 

6.591 

4.780 

1000 

1590 

1137 

2.129 

1.523 

3500 

10881 

7967 

6.708 

4.868 

1050 

1764 

1261 

2.299 

1.644 

3600 

11286 

8273 

6.822 

4.954 

1100 

1937 

1386 

2.461 

1.760 

3700 

11693 

8582 

6.934 

5.038 

1150 

2111 

1511 

2.615 

1.870 

3800 

12102 

8893 

7.043 

5.121 

1200 

2286 

1636 

2.763 

1.976 

3900 

12514 

9206 

7.149 

5.202 

1250 

2460 

1761 

2.905 

2.078 

4000 

12927 

9521 

7.253 

5.282 

1300 

2635 

1887 

3.042 

2.176 

4100 

13342 

9837 

7.356 

5.360 

1350 

2810 

2013 

3.173 

2.271 

4200 

13759 

10155 

7.457 

5.437 

1400 

2985 

2139 

3.300 

2.362 

4300 

14178 

10476 

7.556 

5.513 

1450 

3161 

2265 

3.423 

2.450 

4400 

14598 

10798 

7.652 

5.587 

1500 

3337 

2392 

3.542 

2.536 

4500 

15020 

11122 

7.747 

5.660 

1600 

3689 

2646 

3.771 

2.701 

4600 

15444 

11447 

7.840 

5.731 

1700 

4044 

2902 

3.986 

2.857 

4700 

15870 

11774 

7.932 

5.802 

1800 

4401 

3160 

4.190 

3.005 

4800 

16297 

12103 

8.002 

5.871 

1900 

4761 

3421 

4.385 

3.146 

4900 

16726 

12434 

8.110 

5.939 

2000 

5123 

3685 

4.570 

3.281 

5000 

17156 

12765 

8.197 

6.006 

2100 

5488 

3952 

4.747 

3.410 

5100 

17588 

13098 

8.283 

6.072 

2200 

5855 

4221 

4.918 

3.535 

5200 

18021 

13432 

8.367 

6.137 

2300 

6225 

4493 

5.083 

3.656 

5300 

18455 

13768 

8.449 

6.201 

2400 

6597 

4766 

5.242 

3.773 

5400 

18890 

14105 

8.531 

6.264 

2500 

6972 

5042 

5.395 

3.886 

5500 

19326 

14443 

8.611 

6.326 
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TABLE 4-6 

Thk Pound of Cahbon Monoxide 


T °R 

h 

u 

Sp 

Sv 

T °R 

h 

u 

Sp 


570 

7.5 

5.3 

.0134 

.0096 

2600 

566.2 

420.2 

.4206 

.3092 

600 

15.0 

10.7 

.0262 

.0189 

2700 

596.2 

443.1 

.4319 

.3179 

650 

27.5 

19.6 

.0460 

.0329 

2800 

626.4 

466.1 

.4429 

.3263 

700 

40.0 

28.6 

.0646 

.0462 

2900 

656.6 

489.3 

.4535 

.3344 

750 

52.5 

37.6 

.0820 

.0587 

3000 

687.0 

512.6 

.4638 

.3423 

800 

65.1 

46.6 

.0982 

.0703 

3100 

717.5 

536.1 

.4738 

.3499 

850 

77.7 

55.6 

.1135 

.0813 

3200 

748 1 

559.6 

.4835 

.3573 

900 

^K).3 

64.7 

.1279 

.0917 

3300 

778.8 

583.2 

.4929 

.3646 

950 

103.0 

73.9 

.1417 

.1016 

3400 

809.6 

606.8 

.5021 

.3717 

1000 

115.8 

83.2 

.1548 

.1111 

3500 

840.4 

630.6 

.5111 

.3786 

1050 

128.7 

92.6 

.1674 

.1203 

3600 

871.3 

654.4 

.5198 

.3853 

1100 

141.7 

102.1 

.1796 

.1292 

3700 

902.3 

678.3 

.5283 

.3919 

1150 

154.8 

111.6 

.1913 

.1377 

3800 

933.3 

702.2 

.5366 

.3983 

1200 

168.0 

121.2 

.2025 

.1459 

3900 

964.4 

726.2 

.5447 

.4045 

1250 

181.3 

130.9 

.2133 

.1538 

4000 

995.6 

750.3 

.5526 

.4106 

1300 

194.6 

140.7 

.2237 

.1614 

4100 

1026.8 

774.5 

.5603 

.4166 

1350 

208.0 

150.6 

.2338 

.1688 

4200 

1058.1 

798.7 

.5678 

.4224 

1400 

221.5 

160.6 

.2436 

.1761 

4300 

1089.4 

823.0 

.5752 

.4281 

1450 

235.1 

170.6 

.2532 

.1832 

4400 

1120.8 

847.3 

.5824 

.4337 

1500 

248.8 

180.7 

.2625 

.1901 

4500 

1152.3 

871.6 

.5895 

.4392 

1600 

276.4 

201.2 

.2803 

.2033 

4600 

1183.8 

896.0 

.5964 

.4446 

1700 

304.3 

222.0 

.2972 

.2159 

4700 

1215.3 

920.4 

.6032 

.4498 

1800 

332.4 

243.1 

.3134 

,2280 

4800 

1246.8 

944.9 

.6098 

.4549 

1900 

360.9 

264.5 

.3288 

.2396 

4900 

1278.4 

969.4 

.6163 

.4599 

2000 

389.6 

286.1 

.3435 

.2507 

5000 

1310.0 

993.9 

.6227 

.4649 

2100 

418.6 

307.9 

.3576 

.2613 

5100 

1341.7 

1018.5 

.6290 

.4698 

2200 

447.7 

330.0 

.3712 

.2716 

5200 

1373.4 

1043.1 

.6351 

.4746 

2300 

477.1 

352.3 

.3842 

.2815 

5300 

1405.2 

1067.8 

.6412 

.4793 

2400 

506.7 

374.8 

.3968 

.2910 

5400 

1436.9 

1092.4 

.6472 

.4840 

2500 

536.4 

397.4 

.4089 

.3002 

5500 

1468.6 

1117.1 

.6531 

.4886 
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TABLE 4-7 

The Pound oi*’ Carbon Dioxide 


T °R 

h 

V. 

fip 

St, 

T °R 

h 

u 

Sp 

St; 

670 

6.1 

4.8 

.0111 

.0087 

26(X) 

572.1 

479.2 

.4135 

.3426 

600 

12.4 

9.7 

.0218 

.0171 

2700 

603.9 

506.4 

.4255 

.3528 

650 

23.1 

18.1 

.0389 

.0305 

2800 

635.8 

533.8 

.4371 

.3628 

700 

34.1 

26.8 

.0552 

.0435 

2900 

667.8 

561 .4 

.4483 

.3725 

750 

45.4 

35.8 

.0708 

.0559 

3000 

700.0 

589.1 

.4592 

.3819 

800 

56.9 

45.1 

.0857 

.0679 

3100 

732.1 

616.9 

.4698 

.3910 

850 

68.7 : 

54.6 

.0999 

.0794 

3200 

764.9 

644.9 

.4801 

.3999 

900 

80.7 

64.4 

.1136 

.0906 

3300 

797.5 

673.0 

.4902 

.4085 

950 

92.9 

74.4 

.1268 

.1014 

3400 

830.2 

701 .2 

.5000 

.4169 

1000 

105.4 

84.6 

.1396 

.1118 

3500 

863.1 

729.5 

.5095 

.4252 

1050 

118.1 

95.0 

.1520 

.1220 

3600 

896.0 

757.9 

.5188 

.4332 

1100 

130.9 

105.6 

. 1639 

.1318 

3700 

929.0 

786.4 

.5278 

.4410 

1150 

143.9 

116.4 

.1755 

.1414 

3800 

962.1 

815.0 

.5366 

. 4486 

1200 

157.1 

127.3 

.1868 

.1508 

3900 

995.3 

843.7 

.5152 

.4560 

1250 

170.5 

138.4 

.1977 

.1599 

4(K)0 

1028.5 

872.4 

.5536 

.4633 

1300 

184.0 

149.7 

.2083 

.1687 

4100 

1061.8 

901.2 

.5618 

.4704 

1350 

197.7 

161.1 

.2186 

.1773 

4200 

1095.2 

930.1 

.5098 

.4774 

1400 

I 211.5 

172.7 

.2287 

.1857 

4300 

1128.7 

959.1 

.5777 

.4842 

1450 

225.4 

1 184.4 

.2385 

.1939 

4400 

1162.2 

988.1 

.5854 

.4909 

1500 

239.5 

196.2 

.2479 

.2019 

4500 

1195.8 

1017.1 

.5930 

.4974 

1600 

268.0 

220.2 

.2064 

.2174 

4600 

1229.4 

1046.2 

.6004 

.5038 

1700 

297.0 

244.7 

.2840 

.2323 

4700 

1263.1 

1075.4 

.6077 

.5101 

1800 

326.4 

269.6 

.3008 

.2465 

4800 

1296.9 

1104.7 

.6148 

.5162 

1900 

356.1 

294.8 

.3168 

.2601 

4900 

1330.7 

1134.0 

.6218 

.5223 

2000 

386.2 

320.4 

.3322 

.2732 

5000 

1364.6 

1163.4 

.6286 

i .5282 

2100 

416.6 

346.2 

.3470 

.2858 

5100 

1398.6 

1192.9 

.6353 

^ .5340 

2200 

447.2 

372.3 

.3613 

.2980 

5200 

1432.6 

1222.4 

.6419 

.5398 

2300 

478.1 

398.7 

.3751 

.3097 

5300 

1466.6 

1251.9 

.6484 

.5454 

2400 

509.2 

425.3 

.3883 

.3210 

5400 

1500.7 

1281.4 

.6548 

.5509 

2500 

540.5 

452.1 

.4011 

.3320 

5500 

1534.8 

1311.0 

.6611 

.5564 
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TABLE 4*8 
The Pound of Steam 


T HI 

h 

u 

Sp 


T HI 

h 

a 

Sp 

Sy 

570 

13.3 

10.0 

.0239 

.0181 

2600 

1083.5 

856.5 

0.7916 

0.6184 

600 

26.7 

20.1 

.0468 

.0352 

2700 

1145.3 

907.3 

0.8149 

0.6376 

650 

49.2 

37.0 

.0828 

.0623 

2800 

1207.8 

958.8 

0.8377 

0.6564 

700 

71.8 

54.1 

.1163 

.0877 

2900 

1271.1 

1011.0 

0.8600 

0.6748 

750 

94.5 

71.3 

. 1476 

.1115 

3000 

1335.0 

1063.9 

0.8817 

0.6928 

800 

117.4 

88.7 

.1771 

.1339 

3100 

1399.6 

1117.5 

0.9029 

0.7104 

850 

140.4 

106.2 

.2050 

.1551 

3200 

1464.8 

1171.7 

0.9236 

0.7275 

900 

163.6 

123.9 

.2315 

.1752 

3300 

1530.5 

1226.4 

0.9438 

0.7443 

950 

186.9 

141.8 

.2567 

.1945 

3400 

1596.7 

1281.6 

0.9636 

0.7608 

1000 

210.5 

159.9 

.2809 ! 

.2130 

3500 

1663.5 

1337.3 

0.9829 

0.7770 

1050 

234.3 

178.2 

.3042 

.2309 

3600 

1730.8 

1393.6 

1.0019 

0.7929 

1100 

258,4 

196.7 

.3266 

.2482 

3700 

1798.5 

1450.4 

1.0205 

0.8085 

1150 

282.7 

215.4 

.3481 

.2649 

3800 

1866.8 

1507.6 

1.0387 

0.8238 

1200 

307.2 

234.4 

.3689 

.2810 

3900 

1935.5 

1565.3 

1.0566 

0.8388 

1250 

331.9 

253.6 

.3891 

.2966 

4000 

2004.6 

1623.4 

1.0741 

0.8535 

1300 

356.8 

273.0 

.4086 

.3118 

4100 

2074.1 

1681.9 

1.0913 

0.8679 

1350 

381.9 

292.6 

.4276 

.3266 

4200 

2143.9 

1740.7 

1.1081 

0.8821 

1400 

407.2 

312.4 

.4460 

.3410 

4300 

2214.1 

1799.8 

1.1247 

0.8960 

1450 

432.7 

332.4 

.4640 

.3551 

4400 

2284.6 

1859.3 

1.1409 

0.9097 

1500 

458.4 

352.6 

.4815 

% 

.3689 

4500 

2355.4 

1919.1 

1.1568 

0.9232 

1600 

510.5 

393.8 

.5151 

.3955 

4600 

2426.6 

1979.2 

1.1725 

0.9365 

1700 

563.7 

435.9 

.5473 

.4210 

4700 

2498.1 

2039.7 

1.1879 

0.9496 

1800 

617.9 

479.1 

.5783 

.4456 

4800 

2569.9 

2100.5 

1.2081 

0.9624 

1900 

673.1 

523.2 

.6081 

.4694 

4900 

2642.0 

2161.6 

1.2180 

0.9750 

2000 

729.2 

568.3 

.6369 

.4926 

5000 

2714.3 

2222.9 

1.2326 

0.9874 

2100 

786.2 

614.2 

.6647 

.5151 

5100 

2786.9 

2284.5 

1.2470 

0.9997 

2200 

844.0 

661.0 

.6917 

.5369 

5200 

2859.7 

2346.3 

1.2612 

1.0117 

2300 

902.6 

708.7 

.7178 

.5581 

5300 

2932.7 

2408.3 

1.2751 

1.0235 

2400 

962.1 

757.2 

.7431 

.5787 

5400 

3005.9 

2470.4 

1.2888 

1.0351 

2500 

1022.4 

806.5 

.7677 

.5988 

5500 

3079.3 

2532.8 

1.3024 

1.0466 
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TABLE 4-9 

The Pottnd of Combustion Mixture 


T°R 

h 

u 

•Sp 


T °R 

h 

u 


.S’r 

670 

7.6 

5.6 

.0137 

.0100 

2600 

595.5 

453.5 

.4400 

.3317 

600 

15.2 

11.1 

.0268 

.0196 

2700 

627.6 

478.7 

.4521 

.3412 

650 

28.0 

20.5 

.0471 

.0344 

2800 

659.9 

504.1 

.4639 

.3504 

700 

40.9 

29.9 

.0662 

.0483 

2900 

692.4 

529.7 

.4753 

.3594 

750 

53.8 

39.3 

.0841 

.0614 

3000 

725.0 

555.4 

.4863 

.3681 

800 

66.8 

48.9 

.1009 

.0738 

3100 

757.8 

581.3 

.4971 

.3766 

850 

79.9 

58.5 

.1168 

.0855 

3200 

790.7 

607.3 

.5075 

.3848 

900 

93.1 

68.3 

.1318 

.0966 

3300 

823.7 

633.5 

.5177 

.3929 

950 

106.4 

78.1 

.1461 

.1072 

3400 

856.9 

659.8 

.5276 

.4008 

1000 

119.7 

88.0 

.1598 

.1173 

! 3500 

8<X).2 

686.2 

.5373 

.4085 

1050 

133.2 

98.0 

.1730 

.1271 

3600 

923.7 

712.8 

.5467 

.4160 

1100 

146.8 

108.2 

.1856 

.1366 

3700 

957.3 

739.4 

.5559 

.4233 

1150 

160.4 

118.4 

.1978 

.1457 

3800 

990.9 

766.2 

.5649 

.4304 

1200 

174.2 

128.7 

.2095 

.1545 

3900 

1024.7 

793.1 

.5737 

.4374 

1250 

188.1 

139.2 

.2208 

.1630 

4000 

1058.4 

820.0 

.5822 

.4442 

1300 

202.1 

149.7 

.2318 

.1713 

4100 

1092.4 

847.0 

.5906 

.4508 

1350 

216.2 

160.3 

.2424 

.1793 

4200 

1126.4 

874.1 

.5988 

.4574 

1400 

230.3 

171.0 

.2527 

.1871 

4300 

1160.5 

901.3 

.6068 

.4638 

1450 

244.6 

181.8 

.2628 

.1947 

4400 

1194.7 

928.6 

.6147 

.4700 

1500 

258.9 

192.7 

.2725 

.2020 

4500 

1228.9 

955.9 

.6224 

.4762 

1600 

287.9 

214.9 

.2912 

.2164 

4600 

1263.1 

993.3 

.6299 

.4823 

1700 

317.3 

237.4 

.3090 

.2300 

4700 

1297.5 

1010.8 

.6373 

.4882 

1800 

347.1 

260.2 

.3260 

.2430 

4800 

1331.9 

1038.3 

.6445 

.4940 

1900 

377.2 

283.4 

.3423 

,2556 

4900 

1366.4 

1065.9 

.6516 

.4996 

2000 

407.6 

307.0 

.3579 

.2677 

5000 

1401.0 

1093.6 

.6586 

.5052 

2100 

438.3 

330.8 

.3729 

.2793 

5100 

1435.6 

1121.3 

.6655 

.5107 

2200 

469.3 

354.9 

.3873 

.2895 

5200 

1470.3 

1149.1 

.6722 

.5161 

2300 

500.6 

379.2 

.4012 

.3013 

5300 

1505.0 

1176.9 

.6788 

.5214 

2400 

531.9 

403.7 

.4146 

.3118 

5400 

1539.7 

1204.7 

.6853 

.5266 

2500 

563.6 

428.5 

.4275 

.3219 

5500 

1574.5 

1332.6 

.6917 

.5317 
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CHAPTER 5 


GAS AND VAPOR MIXTURES 


6*1. Theory of Gas Mixtures. In the permanent gases the mole¬ 
cules have dimensions so small in comparison with the intermolecular 
distances that they may be regarded as points. This picture of a gas led 
Dalton to conclude that if two or more gases that do not react chemically 
are mixed together in the same space, they do not interfere with ('ach 
other. This conclusion that each gas acts pre(‘is('ly as if it alone filled 
the space, and that the resulting pressure is the sum of all tlu' partial 
pressures of the individual gases is amply veiified by experiment. It 
applies accurately to the permanent gases and to all but the heaviest 
vapors. 

To find the pressure exerted by a gas mixture^ it is only necessary to 
find the partial pressure each constituent would exc'rt if it filled th(i same 
space at the same temperature and then to sum up all the partial pres¬ 
sures. 

From the hypothesis of Avogadro that (^qual volumes of gas at the 
same conditions have the same number of molecules and the concept of 
a mol developed in article 2 • 6 a useful conclusion may be reached. From 
the mol form of the general gas equation, 


1544 r W 
V Mol. wt. 


[5*1] 


it may be seen that when several gases fill the same volume V at the same 
temperature T, the partial pressure exerted by any constituent varies as 
its IF/moI. wt. or as the number of mols of that gas present. 

This may be illustrated by considering air at atmospheric pressure of 
14.7 lb per sq in. Since air is essentially a mixture of 0.23 oxygen and 

0.23 

0.77 nitrogen by weight, one pound of air contains = 0.0072 mols of 


0.77 

O 2 and = 0.0275 mols of N 2 . In one mol of air there would then be 
28 


0.0072 


= 0.21 (approx.) mols of O 2 and - 


0.0276 


= 0 7Q 

0.0275 + 0.0072 .' ’ 0.0275 + 0.0072 

(approx.) mols of N 2 . This would mean that 0.21 X 14.7 = 3.1 lb per 

66 



THEORY OF GAS MIXTURES 


Aet. 1] 


57 


sq in. pressure is exerted by the oxygen and 0.79 X 14.7 = 11.6 lb per 
sq in. by the nitrogen. 

As a general thing gas mixtures are analyzed on a volumetric basis. If 
a gas mixture has a volumetric analysis of CO 2 = 0.12 and N 2 = 0.88, 
it would mean that a mol of the mixture would contain 0.12 mols or 
0.12 X 44 = 5.28 lb of CO 2 and 0.88 mols or 0.88 X 28 = 24.64 lb of Ng. 
This would correspond to a weight compo.sition of 


5.28 

5.28 + 24.64 


O. 177 O 2 


and 


24.64 

5.28 + 24.64 


0.823N2 


It is often dc.sirable to simplify the calculations for a gas mixture by 
con.sidcring it to be a single gas with appropriate constants. For ex¬ 
ample, this scheme has Ixicai used for air in all the tables of gas properties 
so far listed. The ecpiivalent values for these constants may be found 
from the general gas equation. For a mixture of three gases occupying a 
volume F at a temperature 7’, 

„ WrR.T „ W^R.T W^R,T 

Px-—^ /2--y- ^ 


The total pressure is the sum of the partial pressures, so 

SF = I -f- W2R2 + IF3F3) 


Multiplying through this equation by the total weight 'LW puts it in the 
form of the general gas equation. 


SP X F = SIF 


^ TFiPi 


+ W2R2 + W3R 


xw 


r • • • 


[5-2] 


It then follows that the equivalent R for the gas mixture is 

„ WiR, -b W2R2 + W3R3 ■■■ 

^ - W^ + W2 + W3+---~ . 

Equation 5 • 3 is a convenient form when the weight composition of the 
gas mixture is known. When a volume composition is known it is more 
convenient to sum up the total weight of a mol of mixture and use 
R = 1544/mol. wt. 

The gas mixture of CO 2 = 0.12 and Ng = 0.88 by volume, previously 
referred to, would have a mol weight of 0.12 X 44 + 0.88 X 28 = 29.92 
lb and the corresponding value of the gas constant would be 72 = 
1544/mol. wt. = 1544/29.92 = 51.6. 
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The equivalent specific heat of such a mixture would be, in a similar 
manner, 

+ W2CV2 + * • • 


C<j) — 


Wi + W2 + Ws 


[5-4] 


If the vqlumetric analysis is known, it is often convenient to calculate 
the mol specific heat and divide it by the equivalent molecular weight. 
If Fi, V 2 , • ■ represent the fractions of each gas b}^ volume, the mol 
specific heat is 

c, = V^C,^ + V2C,2-• [5-5] 


6*2. Mixing Processes. Many gas mixtures such as air and natural 
gas occur as such, but there are also many engineering process(\s whcTe 
gases are mixed together. When such a mixing of gases at cliff('rent 
initial conditions occurs, it is necessar}^ to be able to anticipate the final 
conditions at which the mixture will exist. 

The simplest example of mixing is that of two quantities of gas exist¬ 
ing at the same initial temperature and pressure that have the same 
total pressure and the original temperature aft(T mixing. The initial 
volumes would be Vi = WiRiT/P and V 2 = W 2 R 2 TIP. Since T is to 
remain constant and together they exert th(' initial pressure P, they 
would have to occupy a volume Vi V 2 equal to the sum of their initial 
volumes. This is the simplest kind of diffusion of one gas into another. 

Slightly more involved constant-pressure mixing occurs when an 
incoming charge of new air at atmospheric pressure and at about 150 to 
200 deg F mixes with the hot products of combustion in the clearance 
volume of a Diesel engine. At the time the intake valve opens to admit 
the new air charge the products of combustion fill the clearance space at 
atmospheric pressure and at a temperature as high or higher than 1000 
deg F. The problems involved in such a situation as this are to predict 
the final temperature of the mixture and the amount of new air drawn 
into a cylinder of known volume and clearance space. 

Since such a mixing oi Wi pounds of gas at a lower temperature Ti 
with W 2 pounds at a higher temperature T 2 is at constant prdssure, the 
final temperature Tm of the mixture would be given by 

WiCpi(Tm — Ti) = W2Cp2{T2 — Tm) [5*6] 

The total volume occupied by the mixture at a pressure P would be 


Total volume == 


WiRiTm W2R2Tm 

p + p 


[5-7] 


In such a problem it is usually possible to calculate the weight of clear- 
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ance gases W 2 from initial conditions, and since the final total volume 
would be known, the weight of air Wi could be calculated. 

This analysis assumcis that no heat is conducted to the mixture from 
the cylinder walK during the mixing time and that the temperatures 
involved are low enough to permit the use of the assumption that Cp is 
constant. A high-t('mperature problem would have to be solved by 
seeking in the gas tables for a final temperature such that 

WiAhi - TU 2 A /12 [5-8] 

and this would be a trial-and-error or a graphical solution. 

6*3. Vapor Mixture. The principles of mixtures of articles 5-1 and 
5 • 2 and the gas equations may be used to investigate' gas mixtures under 
any conditions met in practi(*e. However, when thc're an* vapors in the 
mixture, as is usuall}^ true, a compression or cooling may result in vapor 
condensation or a heating or expansion may cause vapor evaporation. 
In such circumstances the methods of (‘alculatioii must be modified. 

As long as the vapor is siqx'rheated and at a low pressure, the i^artial 
pressure exerted by it may be calculat(*d from the amount of vapor 
present, just as if it were a gas. However, should the temperature of the 
mixture drop below the saturation temperature corresponding to this 
pressure, condensation of part of the vapor will occur. This condensa¬ 
tion will continue until the partial pressure as calculat'd from the rnols 
remaining in the vapor form corresponds to the pressure that the liquid 
is capable of exerting at that temperature as found from vapor tables. 
This temperature at which condensation of the vapor content of the 
mixture starts is known as its dew point temperature^ and the mixture in 
that condition is known as saturated with vapor. 

The dew point of atmospheric pressure air that contains 0.01 lb of 
water vapor per pound of dry air may be found as follows. One pound 

of dry air with an equivalent molecular weight of 29 contains — = 0.0345 

0.01 

mols of air, and 0.01 lb of water vapor represents = 0.00056 mols. 

18 

This is-- = 0.016 mols of water vapor per mol of mixture 

0.0345 + 0.00056 ^ 

and the partial pressure exerted by the water vapor is 0.016 X 14.7 = 
0.237 lb per sq in. From steam tables, a pressure of 0.237 lb per sq in. 
corresponds to a saturation temperature or dew point of 58 deg F, which 
is the lowest temperature to which this moist air can be cooled without 
condensation. 

If it is cooled to 40 deg F the maximum partial pressure that the water 
vapor can exert is 0.1217 lb per sq in. as found in steam tables. The 
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volume filled by 1 lb of vapor at this condition is Vg = 2445 cu ft accord¬ 
ing to the vapor tables. If the volume is calculated from the gas equa¬ 
tion using R = 85.7 it is 


WRT IX 85.7 X (40 + 400) 
P ~ 0.1217 X 144 


2450 cu ft 


which illustrates how closely low-pressure vapors conform to the gas 
equations. The dry air that occupies this same space of 2445 cu ft exerts 
a partial pressure of 14.70 — 0.1217 = 14.58 lb per sq in. and has a 
weight of 

PV 14.58 X 144 X 2445 „ 

53.3 X (40 + 460) ' 

This means that only = 0.0052 lb of water per pound of dry air 
remains in the form of sat/Urated vapor at 40 deg F, and 0.01 — 0.0052 = 
0.0048 lb of moisture per pound of dry air was condensed as the mixture 
cooled from 58 to 40 deg F. 

The mist of gasoline seen in the venturi throat of an internal-com¬ 
bustion engine carburetor or the water mist in fogs or clouds are mixtures 

of vapor and finely divided liquid 
in air. Since the vapors are color¬ 
less the mist or cloud represents 
atomized liquid in suspension. The 
moisture in the air or in the prod¬ 
ucts of combustion when fuels are 
burned normally exists as super¬ 
heated vapor and its presence is 
apparent only when cooled below 
its dew point temperature. 

In actual practice, the successful 
formation of saturated vapor-gas 
mixtures requires a well atomized 
spray of liquid, thorough mixing, 
and enough elapsed time to com¬ 
plete the vaporization process. Although this is not feasible in many 
applications, in this text equilibrium conditions are assumed to be 
established. 

The factors involved in the formation of a saturated air-fuel vapor 
mixture for an engine or furnace may be illustrated by considering a 
saturated mixture that is 10 lb of dry air per pound of ethyl alcohol 
vapor (Figure 5*1 and Table 5*1). Since the molecular weight of 
C 2 H 6 O is 46 and the equivalent value for air is 29, this would correspond 



Temperature deg F 

Fig. 5*1. Vapor pressure of liquid fuels. 
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to a mixture that has — 0.0217 mols of alcohol vapor for each ^ or 
0.345 mols of air. If it exists at atmospheric pressure, the vapor pres- 

0 0217 

sure of the alcohol would be — X 14.7 = 0.87 lb per sq in. 

0.0217 + 0.345 

From Figure 5*1, the temperature corresponding to this pressure is 68 
deg F which is the lowest temperature at which 1 lb of alcohol vapor can 
exist in 10 lb of dry air. 

An even more important problem is that of finding the initial tempera¬ 
ture at which the air must be supplied if this mixture is to be formed 
without external heating. This means that enough heat must be given 
up by the air and liquid fuel to fui*nish the latent heat of vaporization of 
the fuel (Table 5*1). If it is known that the liquid fuel is supplied at 

TABLE 51 



Average Latent Heat of 

Specific Heat of 

Fuel 

Vaporization 

Liquid Fuel 


(Btu per lb) 

(Btu per lb per deg F) 

Gasoline 

135-145 

0.58 

Ethyl alcohol 

410 

0.50 

Kerosene 

105-110 

0.50 


80 deg F, and the initial air temperature is represented by ta degrees 
Fahrenheit, it is possible to write a heat balance equation for a constant- 
pressure process, 

wt. fuel X sp. heat fuel X (80 — 68) + wt. air X Cp air {ta — 68) 

= wt. fuel X latent heat of vaporization of fuel [5*9] 
or 

1 X 0.50 X (80 - 68) + 10 X 0.24 X (ta - 68) = 1 X 410 
ta = 278 deg F 

If it should not be feasible to heat the incoming air to 278 deg F, it 
would then be necessary to supply external heat, the amount of which 
could be predicted for any set of conditions, by writing a similar heat- 
balance equation. 

6*4. Atmospheric Moisture. Many times in engineering practice it 
is necessary to determine the moisture content of air by experimental 
methods. An obvious solution would be to cool a sample to its dew 
point and from this temperature calculate the moisture content. How¬ 
ever, this involves practical difficulties because, if there are no dust 
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particles or other nuclei to promote the formation of water drops, it is 
possible to cool the mixture well below its dew point with no condensa¬ 
tion. This is an unstable condition known as supermturation and a dis¬ 
turbance will usually cause precipitation of moisture. 

The experimental difficulti('s involved in an accurate dew point 
temperature determination have led to the use of other methods for 
determining the moisture content of air. If water is available in un¬ 
saturated air, evaporation will continue until the partial pressure of the 
vapor is equal to the vapor pressure of the liquid. If no external heat is 

supplied the latent heat for vaporizing 

Insulaferf space . i- i i i • 

^ moisture must be supplied by the air 
and its initial superheated moisture 
and its temperature will drop. The 
equilibrium temperature that results 
from a constant heat or adiabatic 

Fig. 5-2. Adiubatic saturation. sa<Mm<tV)n may be iihed to calculate 

the initial moisture content of the air. 

The usual experimental method used to determine this adiabatic 
saturation temperature depends upon a wet bulb thermometer which is 
usually a mercury-glass thermometer with a wet gauze wick over the 
bulb. If the air is blown over the bulb or the thermometer is swung 
vigorously through the air as a ding psychrometevy its reading will drop 
an amount that depends upon the rate of moisture evaporation. Each 
portion of air that comes into contact with the wet bulb picks up vapor 
but must supply the heat for its evaporation. The wet bulb temperature 
that results closely approaches the theoretical adiabatic saturation 
temperature. 

The adiabatic saturation process is illustrated schematically by Figure 
5*2 and it is very important not to think of the wet bulb temperature 
Ty; and the amount of moisture AW that is evaporated as existing in the 
air before it is ‘'processed.'^ The dry bulb reading is the temperature 
of the one pound of dry air and its accompanying W pounds of super¬ 
heated vapor that are taken as a sample to determine the value of W, 

This sample may be thought of as being placed in an insulated en¬ 
closure where water at the wet bulb temperature Td is supplied. This 
temperature must be used for the water supply because it corresponds 
to the situation present in the wick of the wet bulb thermometer. The 
air being tested is circulated through this wick until a minimum ther¬ 
mometer reading is found, which means that the remainmg water in the 
wick must also be at that temperature. With this value of wet bulb 
temperature known it is possible to solve for the initial moisture content 
of the air sample. 
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11 Td represents air or dry bulb temperaturej the wet bulb temperature, 
W the initial pound of moisture per pound of dry air, APT the pound of 
moisture evaporated into each pound of dry air that comes into contact 
with the wet wick, and hfg is the latent heat of vaporization at the wet 
bulb temperature, a heat balance equation may be written for each 
pound of dry air that contacts the wet bulb. The Btu used for the 
evaporation of ATT pounds of moisture is ATT/i/g. The Btu given up 
by the W pounds of superheated water vapor is TTcp(Tj — Tw) = 
0.441^(7"^ — Tyj,) and that from the pound of dry air having a Cp = 0.24 
is 0.24(Trf - TJ, 

mhfg = 0.44TF(r^ - T^) + 0.24(Te/ - T^) [5-10] 

The amount of vapor, W + ATT, necessary to satui'ate 1 lb of dry air 
at the wet bulb temperature Tw may be found as illustrated in article 
5 ■ 3 and with this known, TT, the initial pounds of moisture per poimd of 
dry air may be calculated from equation 5*10. This may be illustrated 
by using (for convenience) 58 deg F air {Td = 58) having a wet bulb 
reading == 40) deg F. As calculated in article 5*3, TT + ATT for 
saturation of air at the wet bulb temperature of 40 deg F is 0.0052 lb of 
vapor per pound of dry air and from steam tables h/g at 40 deg F is 
1069.1 Btu per lb. 

From equation 5-10 

[ATT = 0.0052 - W] 1069.1 = 0.44TT(58 - 40) + 0.24(58 - 40) 

which gives TT = 0.00115 lb of moisture per pound of dry air as the 
moisture content. 

The ratio of the pounds of vapor per pound of dry air to the pounds 
necessary to saturate it at the same temperature Td is defined as the 
humidity. In this case, since 0.01 lb is necessary for saturation at 58 
deg F (article 5-3), the humidity is 0.00115/0.01 = 0.115, which is 
usually spoken of as 11.5 per cent humidity. 

The various bases of zero enthalpy used in vapor and gas tables have 
been previously discussed but yet another base for the enthalpy of an 
air-vapor mixture is in common use in the air conditioning industry. 
The enthalpy of the air is measured from zero degrees Fahrenheit and 
that of the vapor includes only the latent heat of vaporization. It is 
assumed that the moisture for vaporization is always furnished at the 
wet bulb temperature and that is quite accurate for commercial humidi¬ 
fiers and wet bulb thermometers. 

Any attempt to calculate the enthalpy of an unsaturated air-vapor 
mixture directly would involve the complications of superheated vapor. 
It is convenient that the heat content of a pound of dry air and its vapor 
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is the same as that of a pound of dry air and its saturated vapor after 
adiabatic saturation. It is only necessary to calculate the enthalpy after 
adiabatic saturation is completed. 

In the case just discussed the enthalpy of one pound of air and the 
0.0052 lb of saturated vapor at 40 deg F wet bulb temperature, is the 
same as that of one pound of air and the 0.00115 lb of superheated vapor 
at the initial condition of 58 deg F. The enthalpy of the air is 1 X 0.24 X 
40 = 9.6 Btu and the enthalpy of vaporization of 0.0052 lb of saturated 
vapor at 40 deg F is 0.0052 X 1069.1 = 5.56 Btu. This gives a total 
enthalpy of 9.6 + 5.56 = 15.15 Btu per lb of dry air. 



6*6. Psychrometric Charts. The method of calculating humidity, 
dew point temperature, enthalpy, etc., just outlined is too slow and 
tedious for practical work and this has resulted in the construction of 



Art. 5] 


PSYCHROMETRIC CHARTS 


65 


“psychrometric” charts that yield graphical solutions that are suffi¬ 
ciently accurate for most work. A widely used form of chart now cur¬ 
rent is shown in skeleton form by Figure 5-3. 

The primary coordinates of this chart are dry bulb temperature in 
degrees Fahrenheit and moisture content in grains per pound of dry air 
(7000 grains = 1 lb). For 100 per cent humidity or saturation and for 
other percentages of humidity, the corresponding moisture content is 
calculated, and these lines are plotted as shown. Since at saturation 
the dry bulb, wet bulb, and dew point temperatures are identical, the 
projection of dry bulb temperatures locates the wet bulb and dew point 
values on the saturation curve. 

A constant dew point temperature corresponds to a constant moisture 
content, which is the reason that constant dew point lines are horizontal 
on the chart. The calculation of moisture content at constant wet bulb 
t('inperature and varying dry bulb temperatures, results in the constant 
wet bulb lines that slope downward to the right. 

Since the enthalpy or total heat depcaids only upon the wet bulb 
temijerature, it is possible to calculate the nomogram of total heat that 
is at the left of the saturation line. The solution of a problem where the 
wet bulb and dry bulb temperatures are known is indicated by the 
arrows on Figure 5 • 3, If tlu^ original data are in terms of other variables, 
the order of the solution may be changc'd to fit. There are many special 
problems that can be solved quickly, but the really important thing is 
to understand thoroughly ilio basis of humidity calculations given in 
article 5-4. 
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CHAPTER 6 


COMBUSTION OF FUELS 

6*1. The Combustion Process. In solid carbon the atoms are in 
equilibrium in a lattice arrangement under the influence of mutual 
forces of attraction and repulsion, and a large quantity of potential 
energy is stored in such a system. Gas molecules also possess potential or 
chemical energy stored in a similar manner. Carbon or hydrogen mole¬ 
cules may be mixed with the oxygen of the air at ordinary temperatures 
without being affected; however, at high temperatures, the impact of 
high-velocity molecular collisions completely upsets the structure of the 
fuel and oxygen molecules. 

In the new molecules that are formed, the re-arranged atoms possess a 
greatly reduced amount of potential energy and the potential energy 
released appears as increascid molecular kinetic energy which is known as 
the heat of combustion. The ignition temperature at which combustion is 
sustained varies widely with the kind of fuel and the burning conditions, 
but for hydrogen and gaseous fuels with air, it may be thought of as 
being near 1000 deg F. Coal and coke do not glow below 850 deg F but 
under favorable conditions slow burning may be maintained at lower 
temperatures. 

The rate of burning and heat release when coal is burned in a furnace 
is determined largely by the rate at which fuel and air are supplied and 
the rate at which heat is transferred to the surroundings. In mixtures 
of gaseous or vapor fuels with air in engine cylinders, the combustion 
normally occurs as a flame front traveling across the cylinder. This 
happens because the temperature is adequate for ignition only at the 
flame front, and is too low in the unburned portion. Should the temper¬ 
ature of the unbumed mixture exceed a critical value, spontaneous comr 
bustion or detonation occurs as the entire mass ignites with explosive 
violence. 

When fuel oil is sprayed into an engine cylinder or is burned in an oil- 
fired furnace, as well as when finely pulverized coal burns as it is blown 
into a furnace, combustion Is largely a surface action. The drops of oil 
and particles of coal are extremely large in comparison with the indi¬ 
vidual molecules involved in the combustion of gaseous fuels and the 
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problem is to get the particle or drop of fuel in contact with enough 
oxygon molecules to complete its combustion. Consequently the par¬ 
ticle or drop size and the degree of gas turbulence that sweeps the in¬ 
active gas layer away from the surface arc the factors which govern the 
burning time and ignition temperature. 

The final combustion temperature reached usually depends upon the 
heat of combustion released, the weight of products of combustion 
formed, the rate of combustion, and the rale of heat loss to the surround¬ 
ings. Wlien the hc'at losses from the flame arc not large dissociation or 
chemical equilibrium may govern the final combustion temperature. 
Since molecular impacts are credited with breaking up fuel and oxygen 
molecules it is not difficult to imagine some of the collisions of the mole¬ 
cules of the products of combustion as being violent enough to shake 
them apart. It is necessary to visualize combustion reactions as taking 
place in both directions. At lower temperatures many oxygen and fuel 
molecules arc uniting, and a very few of the resulting molecules arc 
being dissociated. The dissociation increas(\s with increased tempera¬ 
ture until at a temperature, usually between 4000 and 6000 deg F, 
equilibrium is reached. This temperature vari(\s with the fuel and the 
burning conditions, but once it is reached, no further release of heat of 
combustion can occur. 

6*2. Composition of Fuels. Solid Fuels. The most important solid 
fuel is coal which, during past ages, has been formed from wood and 
other vegetable materials, largely cellulose (CoIIioOs), water, organic 
salts, resinous materials, and ash. Chemically dry coal is composed of 
carbon, hydrogen, oxygen, sulphiu-, nitrogen, and ash. Commercial 
coal contains free moisture and a wet analysis includes this, together 
with the other components, and is usually on a wc'ight basis. The usual 
complete chemical analysis is on a dry basis and gives the total amounts 
of the above constituents without regard to the form in which they occur 
in the coal. 

Besides the free moisture, coal also contains water of crystallization 
which is not removed by drying and consequently is not included in the 
moisture content reported in the analysis. This water of crystallization 
is the source of all the oxygen and a part of the hydrogen of the chemical 
analysis. For this reason the heat of combustion of the part of the 
hydrogen that comes from this water is not available. 

Since the full chemical analysis of a coal sample is expensive, coal is 
more commonly identified by its 'proximate (not approximate) analysis. 
Such an analysis is on a weight basis and specifies the moisture, volatile 
material, fixed carbon, and ash contents. The moisture content is found 
by oven drying a sample, and the volatile part is made up of the water 
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of crystallization, absorlx'd nitrogen, and the hydrocarbon compounds 
that arc driven off when the sample is heated briefly in the absence of air. 
The ash is the silica and the inert material that remains after combustion 
has been completed, and the fixed carbon is assumed to account for the 
remainder. The moisture cont('nt of commercial coal is usually less 
than 4 per cent, the ash is between 2 and 10 per cent, and the various 

classifications of coal on a moisture 
and ash-fjee or combustible basis 
are shown in Figure 6 • 1. 

Liquid Fuels. K('gardl(\ss of its 
source, petrok'um has a chemical 
composition by weight ranging from 
0.83 to 0.87 carbon, 0.11 to 0.14 
hydrogen, and small amounts of sul¬ 
phur and nitrogen. It is mad(‘ up of 
many complex hydrocarbons and is 
separated into gasoline, kerosene, 
fuel oil, and lubricating oil by a proc(‘ss of fractional distillation. Gaso¬ 
line is also produced from the heavier components by a method of 
destructive luxating called cracking, and also by the hydrogenation 
process of heating heavier hydrocarbons in the presence of hydrogen to 
reduce them to lighter hydrocarbons. Approximately 0.40 of crude oil 
goes to gasoUne, 0.40 to fuel oil, and less than 0.1 each to kerosene and 
lubricating oil. Benzene (CeHe) which is a coal distillate and ethyl 
alcohol (C 2 HeO) which is made by the fermentation and distillation of 
grains, vegetables, or molasses are potential gasoline substitutes. 

Gaseous Fuels. The gaseous fuels of commercial importance are prob¬ 
ably led by natural gas, the chief combustible parts of which are usually 
methane (CH 4 ) and ethane (C 2 H 6 ). Producer gas, which is made by 
the incomplete combustion of coal contains CO and H 2 as important 
combustibles. The various types of illuminating gas that are usually 
made by the distillation of coal or petroleum are largely H 2 and CH 4 with 
some CO. By-product gas, which includes both coke and blast furnace 
gases, are made up chiefly of H 2 , CO, and CH 4 . 

TABLE 6 1 

Reference Table of Combustion Elements 


Substance 

Formula 

Molecular Weight 

Hydrogen 

H 2 

2 

Oxygen 

O 2 

32 

Nitrogen 

N 2 

28 

Carbon 

C 

12 

Sulphur 

s 

32 


Volatile Matter 



Fig. 6-1. Classifications of coal. 
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TABLE 6-2 


Reference Table of Fuel Elements 


Substance 

Formula 

Substance 

Formula 

Carbon (solid) 

C 

Ethane (gas) 

C2H6 

Carbon monoxide (gas) 

CO 

Benzene (liquid) 

CeHe 

Sulphur (solid) 

s 

Hexane (liquid) 

CcHh 

Hydrogen (gas) 

H2 

Octane (liquid) 

CsHis 

Methane (gas) 

CH4 

Methyl alcohol (liquid) 

CH4O 

Acetylene (gas) 

C2H2 

Ethyl alcohol (liquid) 

C2H6O 

Ethylene (gas) 

C2H4 




6*3. Combustion Reactions. The combustion or oxidation of a fuel 
may be studied by using the chemical reaction equation which lists the 
elements or mixtures undergoing reaction on the left^-hand side of the 
equation and the final products of the reaction on the right-hand side, 
with the number of molecules of each element balanced on the two sides. 
Such a scheme does not reflect any of the intermediate steps that may be 
involved in the reaction but it docs make it possible to calculate the 
quantities of each element involved. Thus for hydrogen, 

2H2 + 02 = 2H2O [6-1] 

This equation may be n'ad: 2 molecules of H 2 + 1 molecule of O 2 = 2 
molecules of H 2 O, or, 

2 mols H 2 + 1 mol O 2 = 2 mols H 2 O [G • 2] 

Since, at the same temperature and pressure a mol of any gas occupies 
the same volume, 

2 cu ft H 2 + 1 cu ft O 2 = 2 cu ft H 2 O [6-3] 

As air is 0.79 nitrogen and 0.21 oxygen by volume, each cu ft of oxygen 
is accompanied by 

X 0.79 = 3.76 cu ft of nitrogen 

0.21 

The complete volume combustion equation, assuming water vapor to 
act as a gas is 

2 cu ft H 2 + 1 cu ft O 2 + 3.76 cu ft N 2 = 2 cu ft H 2 O 

+ 3.76cuftN2 [6-4] 

On the weight basis, since each pound of O 2 is accompanied by 0.77/0.23 
= 3.35 lb N 2 , equation 6-4 becomes 

4 lb H 2 + 32 lb O 2 + 105.2 lb N 2 = 36 lb H 2 O + 105.2 lb N 2 [6-5] 
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In a similar manner, the complete combustion of carbon is represented by 

1 mol C + 1 mol O 2 = 1 mol CO 2 [6*6] 

or 

12 lb C + 32 lb O 2 = 44 lb CO 2 [6*7] 

The incomplete combustion of carbon when insufficient oxygen is sup¬ 
plied is given by 

2 mol C + 1 mol O 2 = 2 mol CO [6 • 8] 

or 

24 lb C + 32 lb O 2 = 56 lb CO [6-9] 


The nitrogen that accompanies the oxygen when air is used may be 
included as it was for the combustion of hydrogen. 

Most fuels, especially petroleum products, contain compounds of 
hydrogen and carbon or hydrocarbons. They range from the simpler 
gases like methane (CH4) and ethylene (C2H4) to the great variety of 
complex hydrocarbons that constitute gasoline and fuel oil. In combus¬ 
tion calculations gasoline is often arbitrarily represented as octane 
(CgHis) simply because that fuel has about the same ratio between 
hydrogen and carbon. In addition to hydrogen and carbon some fuels 
such as wood, coal, methyl, alcohol (CH4O), and ethyl alcohol (C 2 H 6 O) 
contain combined oxygen. 

The oxygen and air needed for the complete combustion of a hydro¬ 
carbon fuel are calculated from the hydrogen and carbon contents just 
as though they existed alone, with due allowance being made for any 
oxygen that may be contained in the fuel. The combustion of such fuels 
does not usually occur as the combustion of free hydrogen and solid 
carbon except possibly when the fuel reaches a high temperature and 
decomposes before oxygen reaches it. Once complete combustion is 
attained, regardless of the mechanism involved, the final oxygen re¬ 
quirement is correctly predicted by this method. 

As an example consider the combustion of a fuel having a weight 
composition of 0.46 carbon, 0.23 hydrogen, and 0.31 oxygen. Since lb 
of O 2 is required for the complete combustion of a pound of C to CO 2 
and lb O 2 is needed for one pound of H 2 to H 2 O, the total O 2 required 
for one pound of fuel is X 0.46) + (-^ X 0.23) = 3.07. Because one 
pound of fuel contains 0.31 lb of O 2 , only 3.07 — 0.31 = 2.76 of O 2 must 
be supplied for each pound of fuel completely burned and this represents 
2.76 

= 12.1 lb of air per pound of fuel. The products of combustion 

from one pound of fuel completely burned contain X 0.46 = 1.69 lb 
CO 2 , X 0.23 - 2.07 lb H 2 O vapor, and 12.1 X 0.77 = 9.3 lb Ng. 
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If 1.5 times as much air had been supplied, the air fuel ratio would 
have been 1.5 X 12.1 or 18.2 lb of air per pound of fuel and this would be 
referred to as 50 per cent excess air. For a fuel that contains oxygen, 
the excess air is reckoned on the basis of the air that must be supplied 
and not upon the basis of the oxygen that enters in the reaction. \^en 
such excess air is supplied the extra oxygen appears in th(^. products of 
combustion along with the extra nitrogen. For the present example, 
0.23 X 18.2 = 4.19 lb O 2 would be supplied and since only 2.76 lb O 2 is 
needed for combustion, 4.19 — 2.76 = 1.43 lb of free oxygen per pound 
of fuel would appear in the calculated products of combustion along with 
2.07 lb H 2 O vapor and 0.77 X 18.2 = 13.82 lb N 2 . 

6*4. Incomplete Combustion. If complete combustion of a fuel is to 
result, each fuel particle must come in contact with enough oxygen 
molecules to complete its burning and do it at a temperature above its 
ignition point. When a solid fuel such as coal burns in the fuel bed of 
a furnace, the heat released as the primary air passes through the fuel 
drives off vapors at the surface that must be burned by secondary air so 
directed as to produce turbulence and thorough mixing. Similarly when 
a finely divided spray of liquid fuel is injected into a furnace or engine, 
adequate mixing with the combustion air is essential to complete burn¬ 
ing. 

Incomplete combustion of a fuel may result from a deficiency of air 
supplied or it may occur when there is adequate or excess air but poor 
mixing. An extreme and very obvious case of incomplete burning occurs 
when a carbon fuel burns with a great deficiency of air, poor mixing, or 
when the flame strikes a cool surface before combustion is complete and 
solid carbon is deposited. A more common but less apparent form of 
the incomplete combustion of carbon occurs when both CO 2 and CO 
appear in the products of combustion. This indicates that although all 
the carbon molecules made contact with enough oxygen to form CO, 
only part of the CO was burned to CO 2 and the failure to convert all the 
CO to CO 2 represents a loss of a part of the available heating value of 
the fuel. 

The incomplete combustion of hydrogen or very stable hydrocarbon 
gases results in unburned fuel in the products of combustion but the 
incomplete burning of more complex hydrocarbon fuels may give a 
variety of results depending on combustion temperatures and conditions. 
When coal is burned with mild air deficiency or poor air mixing the result 
is chiefly reflected by the presence of carbon monoxide. Incomplete 
burning of liquid hydrocarbon fuels in internal-combustion engines, on 
the other hand, results in the presence of methane (CH 4 ) and free 
hydrogen (H 2 ) in addition to carbon monoxide (CO). Roughly, for each 
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7 mols of CO in such an exhaust sample there may be as much as 1 mol of 
CH 4 and 3 mols of H 2 . This means that the usual assumption that 
incomplete combustion is reflected only by the presence of CO in the 
products of combustion may be seriously in error, particularly when 
liquid hydrocarbon fuels are being burned under unfavorable conditions. 

It is usual to assume that whore there is an oxygen deficiency all the 
H 2 is completely burned and that the oxygen shortage' is absorbed by C 
that is burned only to CO instead of to CO 2 . This may be illustrated by 
assuming the fuel of the example in article 6-3 to be burned with 11.0 lb 
of air per pound of fuel, instead of the 12.1 lb needed for complete com¬ 
bustion. The 0.23 X 11 = 2.52 lb of O 2 supplied, together with 0.31 lb 
O 2 from the pound of fuel gives 2.84 lb available. The 0.23 lb H 2 uses 

8 X 0.23 = 1.84 lb O 2 for complete combustion to H 2 O, leaving 2.84 — 
1.84 = 1.0 of O 2 for the carbon. To burn 0.46 lb C to CO requires 

X 0.46 = 0.614 lb of O 2 , leaving 1.00 — 0.614 = 0.386 lb of O 2 
which is not enough to burn all the CO to CO 2 . For each pound of C in 

CO burned to CO 2 , p| lb of O 2 is needed, which means that 7 -^ = 0.29 

^712 

lb of C is completely burned to CO 2 and 0.46 — 0.29 = 0.17 lb of C is 
incompletely burned to carbon monoxide. The products of combustion 
may be calculated as in article 6-3 and they will contain CO in addition 
to the usual CO 2 , H 2 O, and N 2 . 

6*6. Heat of Combustion. The heat of combustion of a fuel is 
determined experimentally by burning a sample and absorbing the heat 
released in the water bath of a calorimeter. The heating values of solid 
and nonvolatile liquid fuels are usually determined in oxygen-bomb 
calorimeters, whereas gaseous and volatile liquid fuels are generally 
tested in continuous calorimeters of the Junkers type. Since these experi¬ 
mental heating values are affected by the burning conditions they can be 
compared only when reduced to the same conditions. 

In a bomb calorimeter a small quantity (1 gram or less) of heavy 
liquid or finely divided solid fuel is ignited in a steel bomb by an electric 
fuse wire and burns in oxygen at 300 lb per sq in. pressure. The heat 
released is absorbed by approximately 2000 cc of water in which the 
bomb is immersed and by the metal parts of the calorimeter. The com¬ 
bustion heat released results in a temperature rise of from 3 to 6 deg F. 

Heat losses from the water to its surroundings are prevented or mini¬ 
mized by various insulating schemes, so that after corrections for the 
fuse wire heat and the formation of nitric and sulphuric acid are made, 
the heating value may be calculated. 

The combustion takes place at constant volume, so no external work is 
done and the initial and final temperatures do not differ greatly. Since 
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the atmosphere in the bomb is saturated with water vapor at the outset 
and at the end of combustion, practically all the water vapor resulting 
from combustion is condensed and its latent heat of vaporization is 
recovered. The heating value so determined in a bomb calorimeter is 
very nearly equal to the actual potential chemical energy released dur¬ 
ing combustion and is known as the higher heating valve. 

Gaseous and volatile licjuid fuels are burned at a measured rate in the 
Junkers type continuous calorimeter and the combustion heat is trans¬ 
ferred to cooling water that is circulaU^d in the jacket. The rates of flow 
are adjusted so the products of combustion leave at the entering temper¬ 
ature of the air and fuel. If the conditions are such that none of the 
water vapor from combustion is condensed out of the exhaust gases, and 
it carries its latent heat of vaporization away from the calorimeter, the 
heating value found is the lower heating value. Under usual conditions 
of us(‘, a part of this water vapor from the hydrogen of the fuel does con¬ 
dense in the calorimeter and is collected and measured. Under this con¬ 
dition where a part but not all the water leaves the calorimeter as vapor, 
the heating value determined is neither the higher nor the lower value, 
but it can be corrected to the lower heating value by subtracting the 
latent heat of vaporization of the moisture condensed from the heat 
absorbed in the calorimeter. 

The difference between the higher and lower heating values for a fuel 
that has 0.12 hydrogen by weight and is burned at constant pressure in a 
Junkers calorimeter is the latent heat of vaporization of the 9 X 0.12 = 
1.08 lb of water vapor that is formed. Since the laU^nt heat varies more 
than 30 Btu per lb between 40 and 100 deg F, this difference is not con¬ 
stant, but is usually calculated at 68 deg F which in this case would 
result in 1.08 X 1053.8 = 1142 Btu per lb of fuel. 

The trend in American practice is generally toward the use of the 
lower heating value in efficiency calculations. It is based on the argu¬ 
ment that it is no fault of a furnace or engine that it is not convenient or 
possible for it to cool the products of combustion to a low enough tem¬ 
perature to recover the latent heat of vaporization of the water vapor 
formed during combustion. 

Table 6 • 3 shows generally accepted heating values of the various fuel 
elements. 

These heating values are accurate when the various fuel elements exist 
separately, but when the heat of combustion of a hydrocarbon fuel is 
calculated as the sum of the heating values of its constituent part, the re¬ 
sults are not very dependable. This is illustrated in Table 6 • 4 for four fuels. 

Such calculated heating values are inaccurate because they ignore the 
heat of formation of the molecules that must be destroyed before the 
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TABLE 6*3 


Reaction Heating Value 


c 

to 

C02 

14,150 Btu per lb C 

c 

to 

CO 

3,960 Btu per lb C 

CO 

to 

CO 2 

4,367 Btu per lb CO 

s 

to 

SO 2 

3,890 Btu per lb S 

H 

to 

H 2 O 

61,000 Btu per lb H 2 


(higher heating value) 


TABLE 6 4 


Fuel 

Experimental 
Higher Heat¬ 
ing Value 
Btu per Lb 

Calculated Higher Heating 

Value Btu per Lb 

Methane (CH 4 ) 

Ethyl alcohol (CaHeO) 
Acetylene (C 2 H 2 ) 

Octane (CsHis) 

23,670 

12,820 

21,590 

20,580 

/1 2 
biir 

(ii 

( 96 
VTfT 

X 14,150) + (yV X 61,000) =25,860 
X 14,150) + (y% X 61,000) = 15,330 
X 14,150) + X 61,000) =17,780 

X 14,150) + (t^X 61,000) =21,640 


carbon and hydrogen are available for combustion. The calculated 
value for ethyl alcohol is 2510 Btu per lb high because that much energy 
is necessary to tear apart the C 2 H 6 O molecule. For acetylene on the 
other hand; the calculated value is 3810 Btu per lb low, which means 
that the destruction of the unstable C 2 H 2 molecule releases that much 
heat. 

These facts appear reasonable when it is remembered that during the 
fermentation process that forms alcohol, heat is given off and this heat 
must be again supplied to destroy the molecules. On the other hand, 
heat must be supplied during the formation of acetylene, and this heat is 
again given off when the molecules break up. 

There are many specialized equations for calculating the heating values 
of the various fuels that take into account the heat of formation of the 
molecules. Chief among these is DuLong's equation for coal which 
takes advantage of the fact discussed in article 6-2 that the oxygen in 
coal comes predominately from the water of crystallization. For each 
pound of O 2 in coal there must then be H lb of H 2 in water of crystal¬ 
lization. This means that an amount of hydrogen equal to lb of 
oxygen is not available for combustion and gives off no heat. The equa¬ 
tion for the higher heating value of coal is, then, 


Higher heating value = 14,150 X C + 61,000 



[6-10] 


This equation gives quite reliable values for the heating value of coal. 
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The incomplete combustion losses discussed in article 6 • 4 may be illus¬ 
trated from Table 6-3. Since each pound of C burned to CO 2 releases 
14,150 Btu and each pound of C burned incompletely to CO releases but 
3960 Btu, it follows that each pound of C that is burned to CO instead 
of CO 2 represents an incomplete combustion loss of 14,150 — 3960 = 
10,190 Btu. When the heats of combustion of hydrogcm and hydro¬ 
carbons are considered, it is easy to appreciate the maj^nitude of the heat 
losses that are represented by even small quantities of unburned hydro¬ 
gen and hydrocarbons in the products of combustion. 

6 -6. Analysis of Products of Combustion. The ideal case of complete 
combustion when only the theoretical minimum amount of air is sup- 
plic‘d is rarely met in practice. Ordinarily excess air (ranging in amount 
from a few to several hundred per cent of the theoretical) is supplied and 
even then imperfect mixing and poor burning result in soiru' incomplete 
combustion. The usual products of combustion contain both CO and 
O 2 in addition to the N 2 and CO 2 and H 2 O. 

Combustion cannot be studied quantitatively as it occurs, but by 
analyzing a representative sample of the products of combustion, it is 
possible to find out much about what happens during burning. A vol¬ 
umetric analysis of products of combustion on a dry or water-vapor-frec 
basis may be made with an Orsat analyzer. 

A sample (usually 50 cc) of the gases is collected over water at room 
temperature in a buret and its volume measured at atmospheric pres¬ 
sure. It is then exposed to a potassium hydroxide solution that absorbs 
the CO 2 . After the loss in volume is measured the sample is then passed 
through alkaline pyrogallate to absorb the O 2 and finally through acid 
cuprous chloride to absorb the CO, the decrease in volume being de¬ 
termined each time. If the temperature remains constant, the partial 
pressure exerted by the saturated water vapor remains constant and the 
volumetric analysis so determined is on a dry or moisture-free basis. 

Any SO 2 present is absorbed with the CO 2 and this causes an error if 
much sulphur is present in the fuel. Care must be exercised to pass the 
gas through the solutions in the correct order, for the pyrogallate will 
absorb both CO 2 and O 2 and the cuprous chloride solution will remove 
both O 2 and CO. 

If gasoline with a weight composition of C = 0.84 and H 2 = 0.16 is 
burned with theoretical air, (0.84 X yI) + (0.16 X 8 ) = 3.52 lb O 2 , 
or 15.3 lb of air is needed for each pound of fuel. This is referred to as an 
air-fuel ratio of 15.3. Since 15.3 lb of air contains 0.77 X 15.3 lb, or 

0 77 V 15 3 0 84 X 44 

^ = 0.421 mols of N 2 , and 0.84 lb C produces -lb, or 

0.84 X 44 _ 0^ 

44 X 12 ■“ 12 


= 0.07 mols of CO 2 , the theoretical dry volumetric 
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exhaust gas analysis would be q and q 421 

= 0.857 N 2 . 

A typical Orsat analysis of the exhaust gases of an internal-combustion 
engine burning gasoline with a rich mixture is 

CO 2 = 0.116 CO = 0.03 O 2 = 0.014 N 2 = 0.84 


Being a volumetric analysis, this means that each mol of dry exhaust 
gas contains 0.116 mols of CO 2 , 0.03 mols of CO, 0.014 mols of O 2 , and 
0.84 mols of N 2 . 

Since the only source of nitrogen is from the combustion air, 0.84 mols 
0 84 X 28 

of N 2 represents ^ — = 30.5 lb of air furnished for each mol of dry 

exhaust gas. Assuming that all the carbon of the fuel was burned, 
12 X 0.03 = 0.36 of C is present in the 0.03 mols of CO and 12 X 0.116 = 
1.39 lb of C in the 0.116 mols of CO 2 . This gives a total carbon weight 

1.75 

of 1.39 + 0.36 = 1.75 and since the fuel is 0.84 carbon by weight, = 

2.08 lb of fuel and 30.5 lb of air were used to produce a mol of dry exhaust 

„ . . - 1 . - 30.5 

gas. This represents an air-fuel ratio of = 14.7. 

The accuracy of this deduction may be checked by assuming that all 
the hydrogen of the fuel was burned to water. The 30.5 lb of air fur¬ 
nished per mol of gas contained 0.23 X 30.5 = 7.0 lb of oxygen. There 
was 0.014 X 32 = 0.45 lb of free oxygen, 0.03 X 16 = 0.48 lb of O 2 
in the CO and 0.116 X 32 = 3.71 lb O 2 in the CO 2 . This accounts for 
0.45 + 0.48 + 3.71 = 4.64 lb of O 2 , leaving 7.0 - 4.64 = 2.36 lb of O 2 
that must have united with H 2 to form H 2 O. For each pound of O 2 3^ lb 

2 36 

H 2 is required, which means that —— = 0.295 lb H 2 must have been in 

8 

the fuel burned to produce 1 mol of dry exhaust gas. Since the fuel is 

0.295 

0.16 H 2 by weight, there must have been 7—77 = 1-85 lb of fuel fur- 

0.16 


nished. This gives an air-fuel ratio of -- 


16.5, which does not check 


very closely with the results found on the carbon basis. 

This could have been caused by several things. The most likely cause 
is the presence of unburned hydrogen or hydrocarbons in the exhaust, 
but an air leak in the sampling could account for it. It is always possible 
that the fuel composition is not accurate, but this possibility can be 
eliminated by finding the weight of fuel from the weights of C and H 2 =* 
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1.75 + 0.295 = 2.04 lb which would correspond to an air-fuel ratio of 


30.5 

2.04 


14.9. This method must always be resorted to when the exact 


composition of the fuel is not known. 

From the Orsat analysis of the products of combustion it is relatively 
simple to calculate the loss in heating value caused by the incomplete 
combustion of carbon. Since a mol of CO contains the same weight of 
C as a mol of CO 2 it follows from 
the exhaust analysis that for each 
0.116 lb of C burned to CO 2 there is 
0.03 lb incompletely burned to CO. 

This means that a fractional part 

--= 0.205 of the carbon 

0.03 + 0.116 

present is burned to CO. Since 0.81 
of the fuel is carbon and each pound 
of C burned to CO reprc'scmts a loss 
of 10,190 Btu, this corr(\sj)onds to a 
loss of 0.205 X 0.84 X 10,190 = 

1750 Btu per lb of fuel. 

When coal with a low volatile or hydrocarbon content is being burned, 
the (‘ombustion analysis based on an Orsat analysis is quite reliable. 
However, as mentioned in article 6-4, when a high volatile coal or 
petroleum fuel is incompletely burned the heating value loss by the un¬ 
burned hydrogen and hydrocarbons in the stack or exliaust gases may, 
and very often does, greatly exceed that due to carbon monoxide. 

Combustion analysis equipment does exist that will dc'termine the 
presence of hydrogen and hydrocarbons quantitatively, but such equip¬ 
ment is complicated and slow to use and consequently is not often found 
in industrial use. 

Combustion control in power plants is commonly accomplished 
through the use of indicating and recording '‘CO 2 meters.’’ These 
instruments depend for their indications upon the fact that the rate of 
heat loss from a hot wire to the products of combustion in an enclosed 
space is dependent upon the CO 2 content. Since this rate of loss is also 
affected by the presence of hydrogen and hydrocarbons as well as by 
other variables, such instruments should be frequently checked by an 
Orsat analysis. 

Once such a meter is calibrated for a given fuel and furnace, the CO 2 
indication may be used as a satisfactory indication of air-fuel ratio and 
the combustion conditions. The theoretical dry exhaust gas analysis 
for a hydrocarbon fuel is shown in Figure 6*2. Such curves are cal- 



Air-fuel Ratio 

Fig. C • 2. Theoreti(‘al exhaust gas 
composition. 
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culated on the assumption of complete combustion of the hydrogen and 
ideal mixing. Consequently, at low air-fuel ratios, they do not give 
accurate results, but once the actual curves for a given fuel and furnace 
have been established, the CO 2 content may be used as a satisfactory 
indication of combustion conditions. 
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CHAPTER 7 


HEAT TRANSFER 

7* 1. Modes of Heat Transfer. The transfcT of heat from one medium 
to another is one of the most basic problems involved in industrial equip¬ 
ment and the transfer occurs under a gn^at variety of conditions. 
Whether it involves the transfer of heat from hot furnace gases to water 
or vapor in boiler tubes, the cooling of an electrical machine or the con¬ 
densation of vapor in air conditioning equipment, all can be broken down 
into some combination of five modes of transferring heat. A logical 
approach to the subject is through the study of the basic principles of 
conduction, convection, radiation, evaporation, and condensation. 

Heat conduction through materials is essentially a molecular phe¬ 
nomenon. In stagnant gases and vapors some molecules from a high- 
temperature region, by virtue of indiscriminant motion and collisions, 
diffuse into a low-temperature region, and a corresponding number of 
molecules with a low kiiK'tic (aiergy content do the reverse. In this way 
energy is carried through the gas. 

In solids where the molecules vibrate about fixed positions, molecules 
with a high energy content transmit some of their energy to adjacent 
lower-temperature molecules with less violent motion. There is also 
evidence that particularly in metals, the passage of free electrons through 
the lattice of the molecules is responsible for some of the transmission of 
energy, for there is more than an accidental relationship between the 
electrical and thermal conductivities of metals. 

Since the molecules of liquids are not as free as in gases, or in fixed 
arrangements as in solids, it is difficult to conjure a satisfactory molec¬ 
ular picture. It is usually believed that in stagnant liquids heat is 
transmitted by both types of molecular activity. A vapor with a dis¬ 
tinct odor will quickly diffuse throughout the still air of a room, which is 
an indication of a rapid molecular exchange. On the other hand, a 
colored liquid placed in undisturbed water diffuses very slowly, which 
indicates that the close molecular spacing of liquids greatly reduces the 
molecular freedom. 

True conduction of heat in liquids, gases, and vapors occurs only when 
thin layers of fluid are involved. When an appreciable temperature 
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difference exists through any but very small bodies of fluid, resulting 
differences in density produce convection currents that result from the 
warmer fluid rising and the cooler part descending. As soon as such a 
mass motion of fluid is present, energy is transmitted or transported by 
it and the effect of the molecular migi-ation and vibration of conduction 
is decreasingly significant. 

When this mass movement is produced wholly by differences in fluid 
density the result is known as free or natural convection^ and when addi¬ 
tional fluid circulation is induced by mechanical mc'ans, forced convection 
results. At all times, true conduction heat transfer oc(*urs through a 
stagnant layc'r of fluid that adherer to or wets tlui surface, but as the 
distance from the surface increases, mass motion of the fluid is the pre¬ 
dominating influence. Thus, although conduction is a function only of 
the fluid involved, heat convection depends in addition upon the condi¬ 
tion of fluid motion, which is affected by maii}^ things. 

All heated objects emit heat energy in a form called radiation and this 
radiant energy is known to be transmitted through space to reappear as 
heat energy in any opaque object that absorbs it. It is known to be 
released by the electrons of the atoms and to have a wavelength and 
frequency dependent upon the material and its temperature. Its 
intensity can be measured and it has been identified as a small frequency 
band in the broad radiation phenomena ranging in frequency from radio 
waves, through light waves to cosmic rays. 

There exists, however, no satisfactory picture of its exact form as it 
travels through space or of its means of transmission. Its existence is 
obvious in the sun’s heat, but it is also present in reduced magnitude in 
practically aU heat transfer. 

The transfer of heat by evaporation and condensation approaches 
what might well be thought of as heat transportation. Large quantities 
of water vapor evaporate into the aii* in one section of the country and 
absorb the necessary latent heat of vaporization. When condensation 
takes place from this same air-vapor mixture as rain in another section 
of the country, this latent heat of vaporization is released. 

A refrigerant vaporizes at a low temperature and absorbs its latent 
heat, thus cooling its surroundings. After being raised to a higher 
temperature and corresponding saturation pressure in a compressor, it 
is condensed and gives up its latent heat of vaporization at a higher 
temperature. 

Evaporation is the most readily controlled method of heat loss avail¬ 
able to the human body, and combinations of successive evaporation 
and condensation are widely used methods of heat transportation in 
industrial processes. 
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7*2. Systems of Units. It is no accident that dimensions of machines 
are given in indies, dimensions of houses in feet, and distances on maps 
in miles. In each a unit of length that results in convenient numbers has 
come into common use. fiach branch of the physical sciences has devel¬ 
oped its own sot of units more or less independently and it is not surpris¬ 
ing that in the aggregate they are not consistent. For example, some of 
the literature on heat transfer comes from the field of aerodynamics 
where th(» second is the convenient unit of time and some comes from 
the heating and ventilation literature where the hour is the most desir¬ 
able time unit. Many physical constants used in the subject are in 
physics absolute English or cgs units and others are in the engineering or 
gravitational units. 

In the absolute system of units the concepts of time, distance, and 
mass are taken as fundamental and in the gravitational or engineering 
system time, distance, and force are considered fundamental. The con¬ 
tention Ls that whereas time, distance, and force can be experienced, 
mass is a completely derived and intangible concept that cannot be 
experiiniced by the physical senses. The net practical effect is that the 
engineering miit of force, the pound, is 32.2 times as large as the abso¬ 
lute English force unit, the poundal. Also, the engineering unit of mass, 
the slug, is 32.2 times as large as the absolute pound mass. 

Since th(‘ subject of h{‘at transfer draws on many sources for data it is 
not surprising that, at present, many conflicting systems of units appear in 
the literature. Although it would simplify the presentation to consider 
arbitrarily one systc'in of units to the exclusion of all others, it is con¬ 
sidered more important to develop an undeistanding of the systems of 
units in current use and the ability to transfer from one system to another. 

7*3. Thermal Conductivity of Gases. Although heat is conducted 
through all materials, the basic principles involved can be most easily 
developed for the simpler molecular state of gases and the results then 
extended to cover the more complex molecular states of dense vapors, 
liquids, and solids. The travel of molecules from one point to another 
was credited in article 7 • 1 with the conduction of heat through a stag¬ 
nant gas when a temperature difference exists. The rate at which mole¬ 
cules move from one point to another in a gas is expressed quantitatively 
by its viscosity. 

The absolute viscosity ^ of a gas may be defined as the mass per second 
of molecules that travel a unit of distance through a unit area. This 
means that the mass per second that would travel a distance I normal to 
a surface of area a is 


Mass per second transferred 


iia 

T 


[ 7-11 
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Most values of viscosity in the current literature are in the absolute cgs 
viscosity the poise. This unit expresses the grams mass per second of gas 
molecules that move one centimeter through an area of one square 
centimeter. It is usually desirable to convert such values of viscosity 
to the engineering system of units, and such a conversion of units is made 
using equation 7-1. 

Since the engineering force unit, the pound, is 445,000 times as large 
as the cgs absolute force unit, the dyne, the engineering mass unit, the 

slug, is - = 14,600 times as large as the cgs gram mass. In 

12 X 2.54 

general, the simplest method 6f converting the units of an equation is 
first to write it in the original unit^ as 

MaSSg, a tna _ Mp<>ise^^ s<] rm rm qi 

Second /cm 


and then to imagine w^hat would be done if the numbers to be used were 
in the new units. This would be 


]VIaSSgj.a,nia _ Mpoise^sq ft ^ ^ 2.54) 

Second /ft X 12 X 2.54 

Then to change the mass from grams to slugs, 

IVIas.s^jugg_ MasSgj.£^m3 _Mpoise ^ 12 X 2.54 Ugq ft 

Second 14,600 second 14,600 /ft 

Written directly in the new units, equation 7 • 1 would be 

MaSSgjugg _ Meng ^sq ft 

Second /ft 


[7-3] 


[7*4] 


[7-5] 


This means that the cgs viscosity, Mpowe; niust be multiplied by 
12 X 2.54 

—= 0.00209 to obtain the viscosity in engineering units, /Xeng. 
14,600 

Since the specific heat at constant volume Cv is the internal kinetic 
energy change when a pound of gas changes one degree Fahrenheit in 
temperature, the energy change for a slug of gas would be for each 
degree Fahrenheit change in temperature. If a temperature difference 
of dt degrees Fahrenheit exists in a distance of dx feet and if all molecules 
at one temperature had the same kinetic energy the rate of heat conduc¬ 
tion through an area a would be 


QBtM per sec = X mass per sec X dt 

fiG dt 

S'Btu per 8eo ~ ~ ^ ^ 


[7-6] 
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Naturally, the higher-velocity molecules that have experienced favor¬ 
able impacts are the ones making the greatest headway at any instant, 
with the result that the average energy content of the molecules involved 
in transferring heat is some factor e times the average energy of all the 
molecules at any instant. As a result, equation 7*6 must be corrected 
to read 

dt 

^Btu per sec ^ T” U ’ 

ax 

Practically all the kinetic energy of a single atom molecule is due to trans¬ 
lational velocity, whereas in complex mole(;ules a large portion of the 
kinetic energy is in atomic vibration and molecular spin. It is not sur¬ 
prising to find that the variations in molecular energy, represented by 
the factor e in Table 7 1, decrease as the molecules become more com¬ 
plex. 

TABLE 71 

Molecular Energy Variation 

Type of Gas Energy Riitio e 
Monatomic 2.45 

Diatomic 1.90 

Trial omic 1.70 

Complex molecules 1.30 

Since the hour is the most convenient time unit in heat transfer work, 
equation 7 • 7 may be changed from seconds to hours, or 

dt 

^Btu per hr 3600 € gU [7 • 8] 

It is common practice to replace 3600 ge Cy g by the thermal conductivity 
of the gas, designated by A;, giving 

?Btu per hr ^ ^ [7*9] 

which is known as Fourier's equation of heat conduction. This makes 
the thermal conductivity a physical concept that parallels viscosity in that 
it is the Btu per hour conducted through a square foot of area with a 
temperature gradient of one degree Fahrenheit per foot. 

Because building wall thicknesses are usually given in inches, the 
values of conductivity from heating and ventilation literature are in 
Btu per hour per square foot for a temperature gradient of a degree 
Fahrenheit per inch. Such values are twelve times as large as conductivi¬ 
ties based on the consistent use of the foot as a unit of length. 
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Table 7*2 gives values of viscosity m in engineering units (equation 
7*5) of thermal conductivity k and check values of (3000 ge Cv for air, 
hydrogen, carbon dioxide, and saturated steam. 

TABLE 7-2 

. Thermal Conductivity and Viscosity of Gases 


fx — slugs per second per square foot per foot thickness 
/c == Btu })er hour per square foot per degree per foot 



Temperature, 

Degrees 

Fahrenheit 

50 

100 

200 

300 

400 

500 


M X 10® 

0.370 

0.396 

0.442 

0.485 

0.526 

0.564 

Air 

k 

0.0140 

0.0151 

0.0171 ; 

0.0190 

0.0208 

0.0224 


3600^6 Cv fx 

0.0138 

0.0149 

0.0157 

0.0180 

0.0204 

0.0224 


n X 10® 

0.198 

0.202 

0.230 

0.250 

0.271 

0.282 

H2 

k 

0.097 

0.104 

0.117 

0.132 

0.146 

0.160 


3600 ge Cv /x 

0.108 

0.111 

0.126 

0.136 

0.149 

0.150 


fx X 106 

0.290 

0.310 

0.360 

0.400 

0.450 

0.500 

CO2 

k 

0.0084 

0.0092 

0.0109 

0.0126 

0.0143 

0.0163 


3600 ge Cv fx 

0.00894 

0.0098 

0.0120 

0.0143 

0.0172 

0.0199 

S8<tiir8/t/ed 

0 

X 

0.200 

0.209 

0.271 

0.330 

0.450 

0.676 


k 

0.0100 

0.0111 

0.0133 

0.0154 

0.0175 

0.0197 

stieOiHi 

3600 gt Cv fx 

0.0130 

0.014 

0.0193 

0.0292 

0.053 

0.117 


Table 7 • 2 indicates that the values of conductivity as predicted from 
the kinetic theory as 3600 ii check quite well with the experimental 
values of k for gases, are fair for low-pressure saturated steam, but break 
down completely for high-pressure steam where the molecular condition 
varies so radically from that assumed in the kinetic thc'ory. When it is 
remembered that experimental difficulties in the determination of gase¬ 
ous conductivities result in values that arc not dependable closer than 
5 per cent, the check with theory is quite satisfactory. 

The progressive increase in both the viscosity and conductivity of 
gases as the temperature increases is consistent with the molecular con¬ 
cepts. Since it was shown that the absolute temperature of a gas is 
proportional to the square of the mean velocity of translation of the 
molecules, it would not be expected that the viscosity or molecular 
exchange would vary directly with the molecular velocity because the 
number of impacts would also change, but it is quite logical for the vis¬ 
cosity and thermal conductivity of a gas to increase with increased 
temperature. 
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7*4. Thermal Conductivity of Solids and Liquids. Since there is no 
molecular freedom in solids and heat is transmitted chiefly by the little 
understood atomic and molecular vibrations, the conductivity of solids 
does not appear to be simply related to their other properties. Also, the 
conduction equation 7 • 9 cannot be derived for solids as it was for gases, 
but the fact that equation 7*9 also applies for solids must be looked 
upon as a purely experimental conclusion. 

In general, the thermal conducitivity of pure metals is higher than that 
of alloys and the values for pure metals are practically constant whereas 
those for alloys tend to increase with temperature. Grain structure 
affects conductivity directly since annealed metals have higher values 
than similar hardened metals. 

Practically all good heat insulators with low conductivity are porous, 
cellular, fibrous, or laminated materials, and their conductivity, in 
general, increases with density, moisture content, and with increased 
temperature. Values of conductivity for some common metals are given 
in Table 7-3 and those for typical insulating materials in Table 7*4. 

TABLE 7-3 

Thermal Conductivity of Metalb 
/? = Btu per hour per square foot per degree per foot 


Temperature, 
Degrees Fahrenheit 

50 

100 

200 

300 

400 

Aluminum 

121 

122 

125 

128 

131 

Brass 

t)2.5 i 

65.0 

71.0 

77.0 

85.0 

Cast iron 

29.2 

28.5 

26.8 

23.0 

18.5 

Copper 

222.0 

221.0 

220.0 

218.0 

217.0 

Lead 

20.0 

20.0 

20.0 

20.0 

20.0 

Nickel 

34.0 

35.0 

36.5 

37.6 

34.2 

Steel, 1% carbon 

25.0 

25.0 

25.0 

i 25.0 

25.0 


TABLE 7-4 

Thermal Conduc’ti\ity of Insulating Materials 
k — Btu per hour per square foot per degree per foot 


Asbestos 

0.046-0.065 

Paper 

0.022 

Brick 

0.125-0.42 

Porcelain 

0.83 

Concrete 

0.41 -1.25 

Press board 

0.10 

Cork board 

0.028 

Rock wool 

0.029-0.039 

Earth 

0.084-0.37 

Rubber (solid) 

0.083-0.125 

Glass 

0.35 -0.48 

Sand 

0.17 -0.67 

Ice 

1.2 -1.3 

Wood (across grain) 

0.058-0.12 
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Before continuing with a consideration of the thermal conductivity 
of liquids it is desirable to develop the concept of viscosity from another 
and more commonly used point of view. If a gas stream is flowing 
smoothly and there is a velocity gradient or velocity difference between 
adjacent layt'rs, ea(*h exchange of molecules takes a higher-velocity 
molecule from the fast-moving layer and trades it for a lower-velocity 
molecule from the more slowly moving layer. The cff'ect of this exchange 
is to slow down the faster-moving layer and to speed up the slower one, 
just as though mechanical friction existed between the two layers. 

If two layers are separated by a distance dx between centers and one 
is flowing with a velocity dv greater than the other, the mass per second 
of molecules exchanged between them through a contact area a is yiafdx, 
as explained in equation 7-1. The equation of accelerated motion, 

_ 1 • n 1 • 

Force = mass X acceleration, or F = m-~ may be written as 

dt 

Ttl 

F^-dv [7*10] 

dt 

Thus, the equivalent force between the two layers may be written as the 
product of the mass per second exchanged between them and the differ¬ 
ence in velocity, or 

p = [7-11] 

dx dx 

This equation for viscous flow, which was first formulated from the 
experimental study of liquid flow, has led to the definition of viscosity as 
the dragging or frictional force in pounds per square foot of area between 
two layers of liquid when a velocity gradient of one foot per second per 
foot exists. It implies that the retarding force of one layer upon another 
is due to friction of molecules sliding over each other. This mechanical 
picture of viscosity long aided in concealing the true significance of the 
viscosity of a gas where the retarding effect of one layer on another is due 
entirely to free molecular interchange between layers. 

The sliding friction between two solid surfaces, on the other hand, 
depends on the mutual attractive forces between molecules. These 
forces increase greatly as the molecules become more closely spaced, and 
actual welding occurs when by heat and pressure the molecules of the 
two pieces are brought closely enough together to re-form the original 
bonds between molecules. 

From this point of view the retarding force between liquid layers may 
be visualized as partly due to the exchange of free molecules between 
layers but chiefly caused by the fact that the mutual attractive forces 
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between the closely spaced liquid molecules result in faster-moving 
molecules tending to draw slower-moving adjacent molecules along with 
them. This leads to the conclusion that whereas the viscosity of a gas is 
a measure of molecular travel and consequently is directly connected 
with its thermal conductivity the viscosity of a liquid is more a measure 
of mutual molecular attractive forces and need have no connection with 
its thermal conductivity. It also makes it possible to understand why 
the viscosity of a gas increases with temperature, and the viscosity of 
liquids as shown in Table 7-5 decreases rapidly as the temperature 
increases. As the kinetic energy of the liquid molecules increases, they 
are less susceptible to the attractive' forces of other molecules. 


TABLE 7-5 

Viscosity of Liquids (m X 10^) 

M = slugs per second per sijuare foot per foot 


Temperature, Degrees Fahrenheit 

50 

100 

150 

200 

300 

Water ’ 

3.2 

1.80 

1.10 

0.70 

0.40 

Gasoline (sp. gr. = 0.748) 

1.6 

1.1 

0.80 

0.60 


Lubricating oil (SAE 30) 


200 

72 

33 

7.2 


It seems logical to view a liquid as an intermediate condition between 
a solid and a gas. In a solid a fixed molecular arrangement exists and 
heat is conducted by the effects of atomic and molecular vibration. In 
a gas there is complete molecular freedom and heat is conducted by 
molecular travel. In the liquid, molecular travel is restricted by close 
spacing and heat is transmitted both by the molecular travel of the gas 
and the molecular vibration of the solid. There is not such a wide 


TABLE 7-6 

Thermal Conductivity of Liquids 
k ~ Btu per hour per square foot per degree per foot 


Temperature, Degrees Fahrenheit 

» 

i 

100 

150 

200 

Water 

0.33 

0.35 

0.37 

0 38 

Lubricating oil 

0.097 

0.096 

0.095 

0.094 

Transit oil 

0.078 

0.076 

0.075 

0.074 


difference in liquid conductivities as in those of both gases and solids, and, 
as shown by Table 7 • 6, some increase with temperature and some decrease. 
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7*6. Heat Conduction. Fourier’s conduction equation 7*9 which 
applies to solids and to stagnant layers of gases, liquids, and vapors 
should be written 

q — —ka^ [7 • 12] 


The minus sign is necessary since heat is transferred in the direction of 
decreasing temperature and the direction of the heat flow q is inherently 
contrary in sign to the temperature gradient dtidx. For a time after a 
temperature difference is applied across any material, heat is stored and 
all the heat that enters one side does not leave at the other. This tran¬ 
sient 'period varies from a few seconds for thin metal sheets to many hours 
for thick insulating walls. After steady-state conditions arc established 
all the heat that enters one side leaves the other. Many times the 
duration of this transient period is of im]X)rtance, but most significant 
heat transfer problems are concerned with continuous operation or 
steady-state conditions. For such sustained conditions, the total rate 
of heat flow q of equation 7 • 12 may be considered constant. 

Most frequently it is sufficiently accurate to use an average value of 
the conductivity k for the temperature range involved. The greatest 
error of such an assumption occurs when large tc'mperature differences 
exist across stagnant layers of gas, but seldom is further refinement 
justified. 

When heat is flowing through plane surfaces, the area a is constant and 
if a temperature drop — ^2 = ^h —2 occurs in a thickness J, the rate of 
heat flow q may be found from equation 7 • 12 by integrating. 




k a dt 


[7*13] 


When g, jfc, and a are considered as constants this gives 


fca , ^ ka , ^ ka r- - 

q = —j (^2 — ^ 1 ) = “I" (^1 "" ^ 2 ) = "y Afi _2 [7-14] 


If a temperature difference of 70 deg F exists between the two surfaces 
of an 8-in. brick wall having an estimated conductivity {k = 0.20) Btu 
per hr per sq ft per deg per ft, the rate of heat loss through an area of one 
square foot is 

0.20 X 1 

q — .J— — X 70 = 21 Btu per hr 

When heat flows through several layers of different materials in series 
as in an insulated refrigerator wall, the flow q is common to all layers, 
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and the total tcmi)crature drop is the sum of all the individual drops, 


^ ^1 _l_ ^ ?2 

a l\i a k 2 


h ^ h 

a \ki k 2 ) 


The rate of heat flow through such a compound wall is 


-I It awj 

M lo 

-i 4- ... 

/vi ^ A'2 

It has been found convenic'nt to define the conductance U of such a wall as 


1 2 
-I 4 - -2 

ki k2 

and the conduction equation becomes 

q — U a '^At [7*18] 

The conductance U which defines the characteristics of one or more 
definite thicknesses of material in the units Btu per square foot per 
degree Fahrenheit should not be con- _ 

fused with the conductivity k which 
describes the thermal properties of a 
material in the units Btu per hour per 
square foot per degree per foot. 

When heat is conducted radially 
through the lagging on a steam pipe or 
through the insulation of an electric 
cable, the variation of the area a 
through which the heat flows must be 
considered. For the example illustrated 
in Figure 7-1 where q Btu per hour pw. 7 1. Radial heat conduction, 
flows radially through insulation having 

conductivity kj the temperature drop across the thickness dr is given by 
equation 7 • 12 as 

q = —ka — = —k2wrL^ [7*19] 




where L is the length of insulation in feet. If the temperature at the 
inside surface is ti and of the outside is ^ 2 , 
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or 


ti — ^2 ■“ ^H—2 


q , ^ 

2M Ri 


[7-21] 


If an electric power cable has a conductor radius of 0.7 in. and 0.4 in. 
thick insulation and its power loss is 10.45 watts or 35.7 Btu per hr per ft 
length, the temperature drop through the insulation may be calculated 
from equation 7*21. Using the conductivity of the paper as k = 0.022 
from Table 7 • 4, 


A^i_2 — 


q , Ih 

2irkL 


35.7 X 2.3 logio ^ 
2t X 0.022 X 1 


117 deg F 


Several radial layers of different materials would be handled in a 
method similar to that used in equation 7 • 15. There are many special¬ 
ized cases of transient and steady-state flow but the steady-state con¬ 
duction through flat and concentric materials cover most ordinary 
problems met in practice. 

7*6. Heat Convection. The^Zm theory of heat convection, developed 
by Langmuir and Rice between 1910 and 1920, was the original analysis 
of the exchange of heat by convection between a fluid and a surface. This 
theory assumed that the entire temperature drop takes place in a stag¬ 
nant layer of fluid that adheres to the surface through which heat must 
pass by conduction, and outside this stagnant layer complete turbulence 
was assumed to exist. Subsequent investigations of this boundary layer 
have verified the existence of a fluid layer that adheres to the surface and 
in which the motion is smooth or laminar. The fluid velocity, which is 
zero at the surface, increases outward until a point is reached where the 
fluid flow is turbulent, and this transition is quite abrupt. The actual 
conditions at the surface are in no way as simple and clean-cut as 
assumed in the original theory, for there are actually convection currents 
inside this boundary layer that was assumed to be completely stagnant; 
however, the general method of analysis originally used by Langmuir is 
still accepted as the best approach to the problem of heat convection. 

7*7. Dimensional Analysis. At some time or another each division 
of knowledge progresses slowly from a pure art to an exact science. In 
an art each individual result is reached by trial-and-error experience and 
in a science the cumulative experience in the subject is so well and 
definitely formulated that results may be accurately predicted in 
advance. It is convenient to express these well-proved experimental 
conclusions in the form of mathematical equations that are usually 
simple in form because, as a rule, only one or two variables are con- 
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sidered. For example, in mechanics the average results of experimental 
experience are summarized in the statement that, for most materials, 
stress is approximately proportional to deformation. Also, as stated in 
article 2-5, experimental results for gases are expressed in the statement 
that when the temperature is held constant, the volume varies inversely 
as the pressure. 

When the factors that affect any result become greater in number, as 
in the conductance of a fluid film in heat convection, the job of expressing 
experimental results in convenient mathematical form is made much 
easier by the method of dimcnmmal analysis. Dimensional reasoning is 
premised on th(' assumption that the most fundamental form of varia¬ 
tion for any variable is exponential, and upon the fact that in any true 
equation the units must balance, that is, if square foot occurs on one 
side, square foot must also be present on the other. 

This may be illustratt^d by assuming that the correc‘t form of the 
equation of motion of a freely falling body is to be worked out from 
experiment. Suppose that in the light of existing experimental knowl¬ 
edge it seems reasonable to expect that the distance travelled by a falling 
body depends upon the time the acceleration of gravity gr, and the mass 
of the object m. According to the principles of dimensional analysis, the 
most probable form of this equation would be assumed as 

[7-22] 

where K is a pure number or constant and a, 6, and c are exponents, all 
unknown. 

If three basic concepts are accept(‘d as fundamental units in any sub¬ 
ject, all other concepts may be expressed in terms of the three. In most 
dimensional studies in mechanics mass m, length i, and time t are used as 
fundamental and all others are expressed in terms of them. In this way 
g, which has the units feet per second per second would become 


The units of equation 7 • 22 would then be written 

I == fmPf [7-23] 

Since the unit m must balance on the two sides of the equation its ex¬ 
ponents must be equal, or c = 0. For the unit 0 = — 2a + 6 or 
h = 2a. For Z, 1 = a, which gives 6 = 2a = 2. Equation 7-22 may 
then be written 


s ^ Kg^ = Kgf 


[7-24] 
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If this form of an equation agrees well with experimental results, it 
would be accepted and the best average value for K would be evaluated. 
Dimensional analysis contains no magic and it can often give erroneous 
results. Some important variables might be overlooked in the original 
assumptions, and it is always possible that the effect of some variable on 
the result is such that it is not accurately expressed by an exponential 
variation. 

This method of approach is used in analyzing experimental results of 
heat convection, and the units involved are listed in Table 7*7. In addi- 


TABLE 77 
Dimensional Units 


Concept 

Symbol 

Units 

Dimensions 

Distance 

1 

ft 

1 

Mass 

m 

sluj^s 

m 

Time 

t 

seconds 

t 

Heat 

II 

Btu 

H 

Temperature 

T 

deg F 

T 

Velocity 

V 

ft per sec 

ir^ 

Acceleration 

dv/dt or g 

ft j)er sec i)cr sec 

ir'^ 

Force 

F 

mass X accel. — lb 

mlt~“ 

Unit pressure 

P 

pounds per sq ft 


Density 

p 

slugs per cu ft 

ml~^ 

Viscosity 


slugs/sec/sq ft/ft 


Heat flow 

<1 

Btu per sec 

lir^ 

Conductivity 

k 

Btu/sec/sq ft/deg/ft 

j 

1 

Conductance 

U 

Btu/sec/sq ft/deg 


Specific heat 

Cv or Cp 

Btu/slug/deg * 

Hrrr^T-^ 


* Defined in mass units; previously used in weight units. 


tion to the basic units m, i, and t just discussed, two basic thermal units, 
heat quantity, //, and temperature, T, are added. To overcome the con¬ 
flict in time units discussed in article 7 • 2, the second is used throughout. 
This means that the previously discussed values of conductivity k and 
conductance U must be divided by 3600 before use in a dimensional 
equation. 

7*8. Forced Convection. As pointed out in article 7 -5, forced con¬ 
vection refers to the cases where the velocity over the surface is almost 
completely determined by the mechanically induced flow and is very 
little affected by natural convection currents. Analysis and experiment 
have shown the boundary layer of article 7 • 5 to be dependent for any 
object upon the fluid velocity v, the size of the object designated by a 
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length Ij upon the fluid density p, and the fluid viscosity p. Since the 
film conductance 17, article 7-4, depends upon the type of boundary 
layer and in addition upon the conductivity k of the fluid, the method of 
dimensional analysis is to assume 

U = function of v, Z, p, p, and k [7 • 25J 

Assuming that each factor enters exponentially (article 7-6) makes it 
possible to write this equation as 

u = K [ 7 - 20 ] 

Written in the units of Table 7-7, this becomes 

[7-27] 

For the units of m 

0 = <7 + e or d — —e 

For// 1 = / or /= 1. 

ForZ -2^a + b-M-e~f, 

For ^ — 1 = —a — c — / or a = —c, since / = 1. 

For r -1 = -/ or / = 1. 

This duplicates the conclusions from I and results in four useful equa¬ 
tions and five unknowm quantities, so one ('xponent must be left un¬ 
known. Since it usually proves to be good tactics, the exponent of p, 
which is c, will be left unknowai. This gives 

d — —e a = —e /=! and 6 = — 1 — c 

If these values are substituted into the original equation 7-20, the result 
is 

U = K v-^ r p" y k 

which is usually written 

in r^(vipy^ 

~k ■ w 

If the Langmuir-Rice concept of a stagnant film of definite thickness is 
accepted, the film conductance U would become the fluid conductivity 
divided by the boundary layer thickness, k/x. The left-hand side of 
equation 7-29, Ul/ky which is usually known as NusseWs number j would 
become but l/x, the ratio of the significant dimension I of the object to 
the film thickness x. The difficulty introduced by different time units, 
the hour and the second, discussed in connection wnth Table 7*7 is min¬ 
imized in Nusselt^s number Ul/k, Since the ratio U/k is independent of 


[ 7 - 28 ] 

[ 7 - 29 ] 
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time units, the units of U found from equation 7 • 29 will depend upon the 
time units used for k. 

In a similar manner, the right-hand function vlp/ny which is custom¬ 
arily known as Reynolds numbery also has physical significance. Since 

dv , . dvds dv ,. 

acceleration -- may be written as —• — or as , the inertia force on 
dt ds dt ds 

an element of fluid has the units of volume times density times accel- 
eration equals l^p ~ equals fpv^. The viscous force on a surface has 

L 

the units = plv (equation 7-11) and the ratio of inertia force 

l^pv^ plv 

to viscous force in the fluid has the units —= —, which are the 

plv p 

units of Reynolds number. Equation 7 • 29 may then be interpreted 
as saying that the ratio of the significant dimension of an object to 
the thickness of the stagnant fluid film about it depends only upon the 
ratio of inertia to viscous forces in the fluid flowing about it. When 
the object is a wire with flow across it or a pipe with flow inside it or 
around the outside, the diameter is the significant dimension L When 
it is a plane surface with flow along it, the dimension I of equation 7 • 29 
is the length parallel to the flow. 

When an exponential equation such as equation 7-29 is plotted on 
log-log paper it is a straight line with a slope e, and an intercept equal 
to the constant K. Experimental work from a variety of sources has 
borne out the form of equation 7 • 29 as fundamental for all fluids under 
a variety of conditions. The best current experimental values of the 
exponent — c and of the constant K for common cases are shown in 
Table 7-8. 

TABLE 7'8 


Forced Convection Constants 
Type of Flow Exponent -e 

Across small wires and pipes * 0.41 

Across large wires and pipes f 0.685 

Parallel to plane surfaces 0.75 

Inside pipes when the total distance of flow and 
the fluid temperature rise are small 0.80 


Constant K 


vdp 

♦ For — 250 or 1 


vdp 

t For — more than 250. 
ft 


Suppose, for example, it is desired to predict the rate of heat loss by 
forced convection from a 2-in. outside diameter steam pipe, 10 ft long, 
if its surface temperature is 240 deg F and atmospheric pressure air at 
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60 deg F is blown across it at a velocity of 30 ft per sec. For an aver¬ 
age temperature of 150 deg F Table 7-2 gives the viscosity of air as 
0.419 X 10~® slugs per sec per sq ft per ft. The density p may be 

W P 

found from the gas equation PV = WRT as o = — -- 

gV gRT 

14.7 X 144 


P = 


= 0.00202 slugs per cu ft 


32.2 X 53.3 X (460 + 150) 

In equation 7 • 29 the dimension I is the pipe diameter of ft and 
Table 7-8 gives — e = 0.585 and K = 0.282. This gives 

Ul /so V -2_ V n nnono\o 685 

¥ 

Ul 


= A' ('’^Y = 0.282 (322<A>i“y ■ 

\n/ \ 0.419X10-^ / 


k 


= 0.282 (24,100)“ = 0.282 X 372 = 105 


The value of k for air at 150 dog F from Table 7-2 [h k = 0.0161 Btu 
per hr per sq ft per deg per ft, and .since I = diameter = ^, U — 
105 X 0.0161 

-——- = 10.1 Btu per hr per sq ft per deg. F or a temperature 

Zi j vz 

difference of 240 ~ 60 = 180 deg F and a total surface area of 
10 X TT X ” 1 % = 5.24 sq ft, the rate of heat loss by forced convection 
= g = Vatd = 10.1 X 5.24 X 180 = 9500 Btu per hr. If h has been 
used in second units, q would have been in Btu pcT second. 

7*9. Free Convection. When the convection of heat between a fluid 
and a surface is '‘frec’^ or ^‘naturaV^ the only velocity present is that 
caused by density differences in the fluid. As heat is conducted to the 
fluid iK'ar the surface, the resulting fluid ('xpansion reduces its density 
and its velocity increases. As it rises, both its temperature and velocity 
increase but the temperature difference between the fluid and surface 
decreases. As a result, the film conductance for free convection is de¬ 
pendent upon many variables among which the temperature coefficient 
of expansion is very important. Because the thermal c'Xpansion of 
liquids is not as conveniently expressed as that of gases and since most 
problems in free convection involve gases, the subject will be developed 
only for gases. 

The temperature coefficient of expansion of a gas may be measm’ed 
by the rate of change of density with respect to temperature. From 


the gas equation p = and 
gRj. 

dT 


gRT^ 




[7*30] 
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This is written as a partial rather than a total differential since only 
the variation with respect to temperature is being considered. Abso¬ 
lute temperature T is used in free convection instead of P'ahrenheit 
temperature t because the gas equation is involved. 

The usual dimensional analysis of free convection assumes that the 
film conductance f/ is a function of eight different variables: the vis¬ 
cosity, /z; the characteristic height of the surface, /; the mass specific 
heat at constant pressure, Cp] the acceleration of gravity, g] the mass 
density, p; the temperature difference between the surface and the 

9p 

ambient gas, AT; the expansion coefficient, — ; and the thermal con- 
ductivity, k. This would be expressed as 


u 


iky 


[7-31] 


Writing this equation dimensionally, 


H 

tL^T 




Equating the exponents of each dimensional concept gives: 

For // 1 = c -f- h. 

For t — 1 = —a — A — 2d. 

ForL -2 = -a+ b + d - 3e - Sg - h. [7-33] 

For M 0 = a — c + e + g. 

For T — 1 = —— A. 


Since there are eight variables and only five possible equations, vari¬ 
ables c, dj and / will be left unknown. Thus, 

a = c — 2d 
b = — 1 H" 3d 

e=2d-f [7-34] 

g =f 

A = 1 — c 


Substituting these results in equation 7-31 gives 

Collecting terms, 


[7-35] 

[7-36] 
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In consistent mass units, k = tc„ii from equation 7-8 and since Cp/c„ is 
the adiabatic exponent y, the first term of equation 7-36 reduces to 





/ 


e/ 


[7-37] 


dp 


If the value of “ from equation 7-30 is combined with the third 
term of equation 7-33, the result is 




[7-38] 


The final dimensional form of the free convection equation 7*33 is 


m 

k 



[7-39] 


This is rather complicated for regular use, and attempts at simplifi¬ 
cation have resulted in the use of the vc^y arbitrary expedient that 
c = d = /. This works out with a fair degree of accuracy, not because 
it is theoretically true, but more because y/e is a function only of the 
type of gas being used, and the gases involved are usually diatomic. 
Also, for the usual temperature range encountered, d and f are very 
close to the same value. The final free convection equation is, then, 


f-«(' 


2t ) 


fp 


[7-40] 


As in forced convection, the gas properties 


(p = 


gRT/ 


and 


fjL are 


evaluated at the average temperature of the surface and the ambient 
gas, AT is the temperature difference, and T is used as the average 
absolute temperature of the gas film. The dimension I is the height of 
a plane surface, but is the diameter for a horizontal pipe or wire. 

Such an equation as 7*40 should become a straight line on log-log 
graph paper and the slope of the curve should be the exponent d when 
Nusselt’s number, Ul/kf is plotted against the free convection modulus 


^gfiyAT 


Experimental results give such a log-log curve that is not 


precisely a straight line, which indicates that the dimensional equation 
7-40 is not quite adequate to express all the variations in free con¬ 
vection. This diflSiculty is met by breaking the experimental curve 
into two approximate straight line sections, and the values of the con¬ 
stant K and exponent d are given in Table 7*9. 
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TABLE 7-9 

Free Convection Constants 

Condition Exponent d 

For convection modulus less than 1000 0.25 

For convection modulus greater than 1000 0.33 


Constant K 
0.55 
0.13 


Free convection calculations may be illustrated by considering the 
pipe of the example in article 7*8 in still air. For this 


average p = 0.00202 slugs per cubic foot 

p = 32.2 feet per second per second 
I = foot 
for air 7 = 1.4 

AT = 240 ~ 60 = 180 
for air e = 1.9 (see Table 7 • 1 ) 

average /x = 0.419 X 10~^ slugs per second per square foot per 
foot 


average 


T = 


240 + 60 
2 


+ 460 = 610 degrees Rankine 


m 

k 


0.13 



= 0.13 


/ (0.00202)^ X 32.2 X X 1.4 X 180 V 
\ 1.9 X (0.419 X 10”'’)^ X 610 / 


— = 0.13(755,000)^ = 0.13 X 91 = 11.8 

k 


t/ = 


11.8fc 

I 


11.8 X 0.0161 
2 


1.14 Btu per hr per sq ft per deg F 


The corresponding rate of heat loss, q = UaAt = 1.14 X 5.24 X 180 
= 1070 Btu per hr as compared with 9500 Btu per hr when the air 
velocity is 30 ft per sec. 

7*10. Radiation. Heated objects radiate energy at many different 
wavelengths and the amount of energy of any wavelength depends on 
the temperature and the type of surface. The range of wavelengths be¬ 
tween 0.4 and 0.7 microns (one micron is a thousandth of a millimeter) 
is visible light and heat. Shorter wavelengths are ultraviolet light and 
longer ones are invisible or infrared heat. 

Not all bodies absorb all wavelengths of energy equally well, and a 
theoretical black body is one that absorbs radiation of all frequencies 
completely. A black body may be approached by painting a surface 
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with lampblack. The radiation at the various wavelengths for a black 
body is shown in Figure 7-2 for three temperatures. The total energy 
radiated per unit area at any tem¬ 
perature is the area under the curve 
and this energy has been found ex¬ 
perimentally to vary as the fourth 
power of the absolute temperature. 

The effectiveness of any surface 
as a source of radiation is expressed as 
its emissivity e which is defined 
as the ratio of its intensity of radia¬ 
tion to that of a black body at the 
same temperature. Its absorption 
coefficient, which is its ability to 
absorb radiation as compared to a 
black body has been found experi¬ 
mentally to be the same as its emissivity. Approximate values of 
emissivity are given in Table 7 • 10 for some of the common materials. 

TABLE 7 10 

Radiation Emissivity oi Materials 



Surface 

€ 

Surface 

c 

Aluminum (metal) 

0 05-0 1C 

Ice 

0 63 

Aluminum (paint) i 

0 65 

Lampblack 

0 96 

Brick (red) 

0 26-0 38 

Blastei wall 

0 91 

Cast iron (oxidized) 

0 63-0 73 

Steel (j)olished) 

0 07-0 40 

Concrete 

0 63 

Steel (oxidized) 

0 79 

Copper (polished) 

0 04-0 17 

Surface soil 

0 38 

Glass 

0 90 

Water 

0 95 


The experimentally determined total rate of radiation from any sur¬ 
face is 

q = 0.174e ) Btu per hr per sq ft [7*41] 

\1UU/ 

where T is the surface temperature in degrees absolute Fahrenheit or 
Rankine. 

Since this radiant energy passes out in every direction from each 
particle, if the exchange of radiation between two small surfaces is de¬ 
sired the radiation from each surface that strikes the other must be 
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calculated; however, most engineering problems involve either the radi¬ 
ation of a small object in a large space or the radiation exchange be¬ 
tween large surfaces close together. 

When a small object radiates in a large space, all its radiation is ulti¬ 
mately absorbed by the enclosure. The absorption occurs regardless 
of the'emissivity of the surface of the enclosure, because there is little 
chance of any of the radiation that leaves the small object ever being 
reflected back to it, notwithstanding the number of reflections before it 
is absorbed by the enclosure which has the properties of a black body. 
If the absolute temperature of the object is Ti it loses heat by radiation 

at the rate 0.174ci 



If the walls of the enclosure are at a temperature T 2 each square foot 

( ^2 \ 

of surface of the object receives radiation at the rate 0.174 I ) 


from the wall, since an enclosure radiates as a black body. Of this 




amount, the object absorbs 0.174ci I — - j and reflects the remainder 


to be re-absorbed by the enclosure. The net loss of heat by radiation 
from a small object with temperature T\ and emissivity ci in a largo 
enclosure having a wall ternj>erature T 2 is 




This is commonly known as the Stefan-Boltzmann radiation equation. 

The other important case is that of two large parallel surfaces so 
close together that all the radiation that leaves one must strike the 
other. If the hotter surface has an emissivity Ci and temperature Ti 
and the other has emissivity 62 and temperature T 2 , the radiation from 

the first is 0.174ei ) . When this strikes the other surface, an 

MOO/ 

amoimt C 2 0.174ci absorbed and the remaining 

[ (I-C.) 0,174.. (;^)‘] 


is reflected and strikes surface number one. Of this amount 
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(1 - ^i)(l - r’a) 0.174ei 


is reflected again to strike body number two. 

If th(\se successive absorptions and reflections are followed through 
for the radiation of both bodies, the rc'sult will be the n(‘t radiation ex¬ 
change expressed by the gi'ometric scales, 


i92 


0.174 


(loo) (loo) ~ ~ 


The sum of such a series is 
^‘ 1^2 


iQ2 


0.174 




+ ^2 — 

When Cl and C 2 are close to unit this may b(‘ a})|)roximaled liy 


[7-44] 


which is usually used as the radiation exchange' betwecai large parallel 
surfaces. 

The problem of delermining the true tem})erature of a heated gas in 
a contairuT with cool walls is typical of the iiiamuT in which radiation 
often enters into heat transh'r calculations. If a glass thermometer 
placed in the gas indicates a tennperature of 300 d(»g F when the walls 
of the container are at 200 deg F, it means that the thermomeba* is 
losing heat to the walls by radiation. It must pick up this heat from 
the gas by convection, whi(;h iiK'ans that the temperature it indicates 
must be k\ss than the true gas temperature. 

The bulb of the thermometer with an emissivity ci = 0.90 (Table 
7-10) loses heat to the w^alls by radiation (equation 7-42). 

^ r/ 4 G 0 + 300 \ /460 + 200 V 1 

Radiation loss = 0.174 X 0.90 I ( --/ ~ \-100 -/ J 

= 227 Btu per hr per sq ft 

If the gas velocity is such as to result in a film conductance of 10.0 Btu 
per hr per sq ft per deg (example article 7-8), the temperature difference 
between the thermometer and the gas would have to be = 22.7 
deg F lower than the true gas temperature in order to receive by con¬ 
vection from the gas the heat it loses to the walls by radiation. The 
true gas temperature would then be 300 + 22.7 = 322.7 deg F and the 
error in the thermometer reading would be 22.7 deg F. 
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CHAPTER 8 


COMPRESSION OF GASES 

8-1. Compressors. Reciprocating or piston-type compressors are 
usually used when moderate volum(\s of high-pressure gases are desired 
and centrifugal blowers and fans are used to deliver large volumes at 
low pressure's. The cylinders of reciprocating compressors range from 
3 in. to 3 ft in diameter with strokes varying from 4 to 40 in. Excc'pt for 
some small units, comprevssors are ordinarily double-acting, both faces 
of the piston be'ing active. 

In the doublc'-aeting reciprocating compressor illustrated by Figure 
8-1 gas is drawn into the left-hand intake valve as the rotation of the 
crank moves the i)iston to the right. This is shown on the pressure- 
volume indicator diagram as the intake stroke. The intake valve, which 
on the intake stroke was held open against a light spring pressure by 
the slightly reduced pressure in the cylinder, closes as the piston starts 
the return stroke and the pressure of the trappc'd gas rise's progressively. 
The compression stroke, shown on the indicator diagram of Figure 8*1, 
terminates when the pressure in the cylinder slightly exce'eds the pres¬ 
sure in the receiver tank and the spring-loaded exhaust valve is forced 
open. 

During the discharge portion of the stroke high-pressure gas is moved 
into the receiver and this continues until the end of the stroke. For 
mechanical reasons, the piston must not quite reach the cylinder head 
and it is also necessary to have some space around the intake and dis¬ 
charge valves. This volume of high-pressure gas that remains in the 
cylinder space at the end of the discharge stroke is known as the clear¬ 
ance volume and it varies from 1 per cent of the cylinder volume or 
piston displacement in large machines to as much as 8 per cent in small 
ones. 

As the piston starts its return stroke to the right, Figure 8-1, the dis¬ 
charge valve closes and the clearance air re-expands until the cylinder 
pressure is down to suction pressure, at which time the intake valve 
opens for a new charge to enter and another cycle starts. The fraction 
of the return stroke that is consumed by the re-expansion of the clear¬ 
ance air increases as the receiver pressure is increased, with a corre¬ 
sponding decrease in the portion of the stroke left for intake. 
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The cylinder casting is usually cored and water is circulated around 
it and the discharge passages to remove as much of the heat of com¬ 
pression as possible. In some small units, heat is lost from metal fins 





on the outside of the cylinder to the air stream that is forced over them, 
usually by a simple fan built into the flywheel. Lubrication of the 
piston, piston rings, and valves is accomplished by lubricating oil that 
is drawn in sparingly with the intake gas in double-acting machines and 
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by splash lubrication from the crankcase below the piston in small 
single-acting units. 

Compressors usually require relatively heavy flywheels, since the vari¬ 
ations in the gas pressure on the piston and the inertia of the recipro¬ 
cating parts would otherwise produce large instantaneous sp(‘ed fluctu¬ 
ations during each revolution. For reccavcT pressures lx‘low 80 lb per 
sq in. simpl(‘ singk'-cylinder units are customarily used, hut for higher 
pressure's it is necessary to use multi-stage compressors, as illustrated 
in Figure 8-2, to prevent excessive temi)erature and reduce the com- 
pre'ssion work. If the' discharge te'mpen’ature })ecome's toe) high there is 
some danger e)f an explosion of carbonized oil and combustible' dust often 
present in the intake gas. By coe)ling the partially compressed gas be¬ 
tween stages in a wate'i-coolc'd inte'rcoe^ler the final temperature may 
be controlled and the total compre'ssion woik reduced. 

8*2. Indicator Cards. With the aid of indicator pressure-volume 
charts or indicator cards are' taken for actual comprc'ssors and such a 
card is illustrated by Figure 8-3. In an indicator the' instantane'ous 
pressure in the cylinder is transmitted to a small piste)n that deforms 
a calibrated spring, and as it deflects the spi-ing it causes a pencil or 
stylus to move vertically. From a reducing motion on the compressor 
cross-he'ad a drum with paper on it is caused to rotate in proportion to 
the piston travel. The resulting 
graph that is drawn as the stylus 
presses against the moving paper is «, 
the pressure-volume history of the | 
compression cycle in the cylinder. A ^ 
spring scale of 100 lb per sq in. per 
in. means that a cylinder pressure of aifi volume 2~5 
that amount will produce a one-inch g 3 . indicator card, 

vertical travel of the stylus point. 

Indicator cards yield much useful information about the operation of 
a compressor. As indicated by Figure 8*3, the size and shape of the 
hatched area above the receiver pressure line reflec'ts the amount of 
exhaust-valve pressure loss just as the area below the atmospheric pres¬ 
sure line measures intake valve losses. If the temperature of the re¬ 
expanded clearance gases at atmospheric pressure 1 and that of the 
compression gas at 2 were the same as that of the supply, the ratio of 

the lengths would be the volumetric efficiency. Strictly defined, 

the volumetric efficiency is the ratio of the actual weight of gas taken 
in per stroke to the weight that would be taken if the full piston displace¬ 
ment were filled at suction pressure and temperature. The value of volu- 
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metric efficiency as found from the indicator card is just an approxima¬ 
tion that may be several per cent in error. 

The area of an indicator card may be determined by mechanical in¬ 
tegration with a planimeter and when this area is divided by the card 
length, 4-5, the result is the mean ordinate. When this mean or¬ 
dinate is multiplied by the scale of the indic^ator spring, the result is 
the average unit net pressure acting on the piston during the working 
stroke, and this is known as the mean effective pressure or mep. When 
this mean effective pressure is multiplied by the net piston area, the 
result is the average force acting on the piston throughout the stroke. 
The full piston area is effective on the head end, but the piston rod area 
must be subtracted when the crank end is being considered. When this 
average force on the piston is multiplied by the stroke of the compressor 
the result is the work done on the gas per stroke. When this work per 
stroke is multiplied by the strokes per minute and this power is changed 
to horsepower, it is known as the indicated horsepower or i hp of the 
machine. 

8*3. Compressor Cycles. The usual theoretical analysis of com¬ 
pressor cycles assumes a cylinder without clearance for the sake of 
simplification. Such an assumption amounts to adopting th(' point of 

view that it is the fault of the actual 
machme that it must have a clear¬ 
ance volume. However, particularly 
in large compressors, the actual effect 
of clearance on the total work done 
is small because most of the compres¬ 
sion work done on the clearance gas 
is regained upon re-expansion. 

Such theoretical indicator cards 
arc shown by Figure 8-4 for three 
types of compression. The isother^ 
mat or constant-temperature com¬ 
pression is shown as 1-2 and the adiabatic compression by 1-4. These 
two compressions were discussed in article 4*4. The polytropic, 1-3, 
represents any compression between an isothermal and an adiabatic, 
where some cooling Is accomplished but not enough to prevent a tempera¬ 
ture rise. Since an isothermal compression on a P-V diagram is repre¬ 
sented by PV = constant and an adiabatic (equation 4*25) by PV^ = 
constant, it is reasoned by analogy that any compression between these 
limits may be represented by the polytropic equation PV^ = constant, 
where n is known as the polytropic exponent with values between 1 
and 



Fig. 8-4. Theoretical indicator cards. 
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Actually, for an expansion or compression to follow such an equation, 
heat would have to be added or conducted away at precisely the cor¬ 
rect rate at the different points along the stroke. Even though this 
rarely happens, comi^ression and expansion curves for actual machines 
are fitted surprisingly well by the general equation — constant. 

The value of the ('xponent 7 i may be found from actual indicator cards 
by scaling off values of absolute pressure and total volume, including 
clearance and plotting on log-log graph paper. Valuers for actual air 
compressors for which 7 = 1.4 vary from n ecjuals 1.35 for high-spec'd 
ma(*hin(\s to valu(\s as low as n equals 1.15 for small low-speed com¬ 
pressors where cylinder cooling is unusually effective. 

The discussion of article 4*4 was concerned only with the compression 
portion of the cycle, but the entire cycle of a compressor may be ana¬ 
lyzed in terms of the gen(u*al energy equation, 


dQ = CvdT + ^ PdV + I VdP + ^vdv [8-1] 

J J Jg 

In the analysis of high-pressure compressors kinetic energy of flow is 
usually neglected, which means that the acceleration work term vdv 
is assumed to be zero. 

Isothermal Compression. Since the indicator diagram, Figure 8-4, is 
referred to the absolute zero of pressure', the entearing gas must be 
credited with the flow work that would be required to move a volume 

Vi from zero pressure to a region at pressure Pi, or Pi Vi Btu. This 

«/ 

is represented by area 1 , 6 ,7, 8 ,9. As developed in article 4-4 in equa¬ 
tions 4 • 16 to 4 • 20, the total compression work Ls 


PiVi 

J 



or 


WRTi , Pi 


This is represented in Figure 8-4 by area 9,1,2,8. The absolute flow 
work involved in moving the (‘ompressed volume V 2 into the receiver is 
P V 

-— , the minus sign being an indication that it is work done on 

J 

the gas. 

The total externally supplied work for the entire cycle is 


Work per cycle 


P,7, , WRTi, Pi P 2 V 2 
— 7 ~ -I r— loge — — 

J J Jl2 


[ 8 - 2 ] 
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Since for an isothermal change P\Vi equals P 2 l^ 2 , the work per cycle 
turns out to be merely 


Isothermal work per cyc*le 


WRTi , Pi 

~~j~ 


WRTi 

J 



[8-3] 


the negative sign indicating the fact that it is work done on the gas. 
During su(*h a cycle it is assumed that no heat is extracted during suc¬ 
tion or discharge and an amount 


WRT, , P 2 


must be removed during compression to maintain constant temperature. 

Adiabatic Compression. It was shown in equations 4-21 to 4-26 that 
during an adiabatic compression the work done on the gas is equal but 
opposite in sense to the gain in internal energy. This would mean that 
for the adiabatic cycle of Figure 8-4, 

Cyclo work = - r,) - [8-4] 

u u 

This may be writlcti as 

WR 

Cycle work = -W^Ti - T,) - —- (T 4 - Tj) 

= -Wc^(T,-T,) [8-5] 
Also for such a compression, from equal ion 4-26, 


Ti 




[ 8 - 6 ] 


Polytropic Compression, During a polytropic compression, Figure 8-4, 
the temperature changes and heat is conducted away, so the energy 
equation becomes 

PdV 

dQ = Wc4T+ -j- [8-7j 

For a polytropic, P^V^ = P^Vl = PF" or 

P = ^ = P,F?F-» [ 8 - 8 ] 

By combining equations 8-7 and 8-8 and by integrating between limits 
1 and 3, 

P 

dQ = Wc^T + F-”dF [8-9] 

«/ 


1AQ3 = WcviTs — Ti) + 


PiV’l 


J{1 - n) 


(Fr” - r}-") 


[ 8 - 10 ] 
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1AQ3 = Wc,{Ts - Ti) + (P3F3 - PiFi) [8-11] 

J{i — 11) 

Since P 3 F 3 = WHT^ and PiT^ = WRT^, 


1AQ3 = H^c,(r 3 - Pi) 


WR 

Jin - 1) 


(P3 - Pi) 


[ 8 - 12 ] 


When volume is eliminated between the general gas equation and 
the polytropic P-F ('quation, as was done for the adiabatic in equations 
4-25 and 4-26, the result is 


Pj _ 

Pi “ \PJ 


[8-13] 


The two terms of equation 8 -12 could be combined into a simple one, 
but it is worth whik' to evaluate them separately so changes in internal 
energy and compression work done may be identified individually. 

Wh(>n the flow work terms arc combined with the' compression work 
for a polytropic, 

Polytropic cycle work 


1 

J 


PiVi 


WR H\ - P i) 
Jin - 1) 






[8-14] 

[8-15] 


The following numerical comparison of isothermal, adiabatic, and 
polytropic compression cycles for air initially at 14.7 lb per sq in. abso¬ 
lute pressure and 80 deg F will aid in visualizing the differences in¬ 
volved. The receiver pressure will always be assumed to be 100 lb per 
sq in. gage and the polytropic exponent m = 1.3 will be used. 



TABLE S\ 



Comparison of Compression Cycles 



Final 

Btu per Pound 



Temperature 

Extracted During 

Cycle Work 

Cycle 

Degrees Fahrenheit 

Compression 

Btu per Pound 

Isothermal 

80 

70.0 

76.0 

Poly tropic 




n = 1.3 

406 

65.0 

97.2 

Adiabatic 

602 

0 

102.0 
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Two-Stage Compression. The ideal indicator cards for a two-stage 
compressor with no clearance or losses are shown in Figure 8 - 5 . 

The polytropic work in the low-pressure cylinder, represented by 
area 1 , 2 , 6 ,7, is 

TF/Pti 

Low-pressure work = —-- (T 2 - Ti) [8*16] 

J (1 — n) 

WRn 

High-pressure work (area 3,4,5,6) = —-— (T 4 — T 3 ) [8*17] 

J(l — n) 


The usual limit for intercooling is for T 3 = Ti and the work is usually 
balanced between the two cylinders. For the same exponents n and 
equal work, 

^2 - Tx = T4 - T, 


or 


Ti 


T2^T4 
Ti Ti 


[8-18] 





This results in the relationship 


^ = ~ or P 2 = VP,Pi [8 19] 

This gives the correct interstage pressure to balance the high- and low- 
pressure work. The theoretical saving in total compression work 

resulting from two-stage compression 
instead of single-stage is illustrated by 
the shaded area in Figure 8*5. This 
full gain is not actually realized, because 
a two-stage compressor has higher me¬ 
chanical friction losses than a single- 
stage machine. Since the air is admitted 
to high- and low-pressure cylinders at 
the same temperature, Ti = Ts, the 
low-pressure cylinder must be the larger 
by the pressure ratio P 2 tPi, if they 
are to handle the same weight of air at the same rpm. 

If 80 deg F atmospheric pressure air is compressed to 100 lb per sq in. 
gage or 114.7 lb per sq in. absolute pressure in an ideal two-stage com- 



Fig. 8-5. Two-stage compression 
cycle. 
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pressor having a poly tropic exponent n = 1.3 in both cylinders, the 
ideal intercooler pressure is 

P 2 == VPi^ = V" 14.7 X 114.7 = 41 lb per sq in. abs or 

26.3 lb per sq in. gage 

The temperature at the end of compression is the same in both cylinders, 



= 684 deg F abs = 224 deg F 
The heat extracted during compression in each cylinder is 

Q = w(^c,+ (n - Ti) = - 8.2 Btu per lb 

The heat taken out in the intercooler to reduce the air to its original 
temperature is 

Q = -^Wcp(T 2 Ts) = —34.5 Btu per lb 
The total work done in each cylinder is 

Work = —-- (T 2 - Ti) = -42.8 Btu per lb 

J(1 — n) 

which means that the total work for the two cylinders is —85.6 Btu 
per lb. 

If a single-stage compression is used, the temperature at the end of 
compression as given in Table 8*1 for the same conditions is 406 deg F 
and the cycle work is 97.2 Btu per lb or 1.13 times as much as is re¬ 
quired for a two-stage cycle. 

8*4. Compressor Performance.^ The important performance char¬ 
acteristics of a reciprocating compressor are its gas-handling capacity 
which depends upon its size, speed, and volumetric eflBciency; its com¬ 
pression efficiency as measured by the indicated work and the ideal 
cycle work; its mechanical efficiency which measures friction and rota¬ 
tion losses; and the horsepower required to drive it. 

Gas-handling capacity is usually measured at intake temperature and 
pressure conditions. This is the reason why an air compressor is rated in 
cubic feet per minute of ^^free air.” This can be evaluated approxi¬ 
mately from the speed, displacement, and the volumetric efficiency as 
estimated from indicator cards. A more accurate determination re¬ 
quires the measurement of the intake gas which is difficult to do be¬ 
cause of the pulsating nature of the suction. In general, reduced cylinder 
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cooling, increased speed, and higher receiver pressunvs are accompanied 
by reduced volumetric efficiency and lower air-handling capacity. 

The compression efficiency is measured the ratio of the ideal cycle 
compression work per pound to the indicated work per pound as deter¬ 
mined from actual indicator cards. There is no uniformity in reporting 
compression efficiency. Sometimes it is referred to an isothermal cycle 
and other times the adiabatic is used. It is very important when re¬ 
ferring to compression efficiency to be sure to designate which ideal 
cycle is involved. Using an isothermal cycle amounts to saying that it 
is the fault of the compressor that complete' cooling is not accomplished 
and to use the adiabatic as a reference implies that no cooling is ex¬ 
pected and that the machine should be credited with any cooling savings 
that are' made. 

Since the efficiency of any machine is the ratio of output to input, 
the mechanical efficiency of a compressor is the ratio of indicated horse¬ 
power to input horsepower requin'd to drive it. The determination of 
input horsepower by test reejuires the use of a dynamometer, wherc'as 
the indicated horsepower may be determined readily for a machine while 
it is in actual operation. The mechanical efficiency of large well-designed 
machines is usually" between 0.90 and 0.95, but in small high-speed 
machines it may easily be as low as 0.75. 

8-6. Centrifugal Blowers. In a centrifugal blower, which consists of 
a bladed wheel rotating in a casing as shown in Figure 8-6, the gas 
enters axially near the impeller shaft and the action of centrifugal force 
creates a higher pressure in the casing. In addition, the gas is accel¬ 
erated to a higher velocity as it passes through the blades of the impeller 
and this energy may be converted to pressure by the ordei’ly decelera¬ 
tion of the gas in guide vanes sometimes placed in the casing or in the 
volute or scroll casing of simpler machines. 

Both the centrifugal pressure and the kinetic energy of the gas leaving 
the wheel vary as the square of the rotative speed, and both are in¬ 
creased by a greater impeller blade length. Low-speed fans with short 
impeller blades develop pressures of the order of a few ounces per square 
inch, but multiple-stage high-speed blowers are built for pressures of 25 
to 30 lb per sq in. 

Blowers and fans are used for ventilation and air conditioning, to sup¬ 
ply combustion air to boiler furnaces, blast furnaces, etc., and for such 
applications as the pneumatic conveying of material such as powdered 
coal, grain, and cement. 

8*6. Blower Cycles and Performance. Since a blower is a continu¬ 
ous-flow machine instead of a ^ffiatch” type such as a compressor, there 
is really no blower diagram that exactly corresponds to the indicator 
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card. It is possible, however, to represent the overall history of a pound 
of gas as it passes through a blower on a pressure-volume diagram. 

Such a diagram is shown in Figure 8-7 for gas that enters a blower 
at conditions Pi, Vi, and Ti and leaves at P 2 , V 2 , and T 2 . It is, of 
course, impo.ssible to rcpre.sent the effect of kinetic energy changes on 
such a diagram which shows only compre.ssion and flow work. In low- 
pressure machines the change in volume during compression is so small 



Fig. 8-6. Centrifugal blower. 



Fig. 8-7. Pressure-volume for a blower. 


as to be negligible, and it is customary to ignore this as well as the 
int('rnal energy change. 

If it is assumed that the blower picks up the gas with no initial ve¬ 
locity, the acceleration work or the increase in kinetic energy of flow 
from the general energy equation for W pounds of gas is 


'w r 

Change in kinetic energy = — / vdv = —— ft-lb [8- 

' g Jo 


20 ] 


The previously discussed approximate flow work is 


Flow work = (P 2 -^ 1)^1 = APVi ft-lb [8*21] 


The effect of neglecting compression work and approximating the flow 
w^ork is to overestimate the actual sum of these two by an amount 
represented by the hatched area in Figure 8 • 7. 

For this assumption which is satisfactory for low-pressure work, the 
blower is credited with delivermg an amount of energy, 

Wv^ 

Work done = APVi + ft-lb 
For one cubic foot, since WJgV is the mass density p, 


[ 8 - 22 ] 
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where v is the leaving velocity in feet per second, p is slugs per cubic foot, 
and AP is pounds per square foot. For a blower delivering gas with a 
velocity v feet per second through a discharge pipe of area A and im¬ 
parting a pressure increase of AP, the power would be 

' pv^ pv^A 

Power = APvA vA — APvA H—— ft-lb per sec [8-24] 

du 2i 

With the blower input known from a dynamometer test, the blower 
efficiency, power output di\dded by input, may be found. 

The approximate method that neglects volume and temperature 
changes is satisfactorily accurate for low-pressure fans but is too in¬ 
accurate for high-pressure machines. Since no attempt is made to cool 
the gases in a blower, the ideal compression cycle would be the adiabatic 
and it would be calculated just as it was for the compressor in article 
8-3. One practical difficulty met w'hen the pressure ratio of equation 
8 • 6 is near unity is that of accurately calculating the final temperature 
T 2 from the adiabatic equation. 


Tx ~ \l\) 

/pA^y-Dly 

It is often convenient to expand the value of j by the binomial 
theorem and use the first two terms. 






(y-i)Jy 


-e-) 


[8-25] 


In addition to the adiabatic temperature rise, the rotational losses of 
the impeller and other turbulence losses cause an additional increase in 
temperature. The difference between the actual leaving temperature 
and the theoretical adiabatic value may be used as a measure of such 
losses, provided the heat losses from the blower casing may be con¬ 
sidered negligible. For a high-pressure blower, where compression work 
and temperature rise are considered, the total work for W pounds from 
equations 8 • 5 and 8 • 20 is 


Wv^ 

Theoretical work = Wcp{T 2 — Ti)J + foot-pounds [8*5 

2a J 


Just as for compressors it is customary to report the gas-handling 
capacity of blowers in terms of cubic feet per minute at intake condi¬ 
tions. The usual performance data for a centrifugal blower, Figure 
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8*8, consist of curves of blower pressure, output or air horsepower, 
input horsepower, and blower efficiency. 



oi_1_1_^-i-1-1-1 

0 1 2 3 4 5 6 7 

Hundreds of C.F.M. 

Fig. 8-8. Centrifugal blower characteristics. 

8*7. Air Flow Measurement. The measurement of the flow of gases 
such as air is usually accomplished by causing it to speed up to pass 
through a calibrated restriction such as a nozzle or orifice. Since it is 
usually desirable to keep the resulting pressure drop small to prevent 
energy losses, the general flow or energy equation 8 • 1 may be used 
with the assumptions that the temperature and specific volume do not 
change and that no heat has time to be conducted to or from the flow¬ 
ing gas. For such the energy equation becomes 

W 

0 = VdP + ~vdv [8*27] 

g 

If the air is drawn from a large space where the initial velocity may be 
considered negligible, the integration of equation 8*27 for constant 
volume gives 

rP2 w rVi w 

f VdP + — vdv or F(P2-I"i)+ir*'2 = 0 [8'28] 

Pi 9 Jo 2fif 


0 
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w 

Since — is the mass density p, 

gV 


Pi -P2 = AP 




[8-29] 


This relationship between the pressure drop through an orifice or nozzle 
and the resulting velocity is the usual basis for gas measurement. 

When a sharp-edged intake orifice, Figure 8*9, is used, the full be- 
locity and pressure drop of equation 8*29 are not yet set up in the plane 




Fig. 8*9. Gas measurement. 


of the orifice, but occur at the throat of the jet further down stream. 
At this throat of the stream, the cross-sectional area of the jet is much 
smaller than the orifice area and there are always present certain in¬ 
evitable turbulence and friction losses that cause the throat velocity to 
be slightly less than that predicted by equation 8 • 29. These two effects 
arc taken care of in flow calculations by using a discharge coefficient Cd 
so defined that 

Rate of discharge = ca A v [8 • 30] 

where A is the orifice area and v is the calculated throat velocity. When 
such an orifice is installed in a pipe or plenum chamber with a diameter 
at least four times the orifice diameter, Cd = 0.61 may be assumed for 
air. When the orifice is placed at the entrance of a smaller pipe, a 
special calibration for Cd is usually necessary. 

When a nozzle with a properly designed approach section is used, the 
throat flows full, and there is no problem of jet contraction. The result 
is that the only experimental correction needed is for the slight amount 
of turbulence loss present and Cd may be assumed to be 0.96 to 0.99 
for almost any type of intake installation. 
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UTILIZATION OF HEAT 

9*1. Uses of Heat. Some engineering problems are concerned only 
with the characteristics of gases and vapors, others only with the com¬ 
bustion of fuels or with the transfer of heat, and in others gases and 
vapors are compressed for industrial uses. The heat released by the 
combustion of fuels is stored as thermal energy in the hot products of 
combustion and it is in this form that it must be utilized. Where it is 
used directly for heating purposes, at least one transfer to another 
medium is involved, and the transportation of thermal energy is usually 
accomplished by the flow of the gas, vapor, or liquid that absorbs it to 
the point of use. 

In a warm-air heating system the heat from the products of combus¬ 
tion is more or less completely transferred to air that is circulated about 
the furnace by a fan or blower, with the warmed air subsequently flow¬ 
ing to the space to be heated. A double transfer of heat is involved in 
industrial applications where the heat from the furnace gases is used to 
generate steam which flows to another part of a plant where it condenses 
and again transfers the heat to a liquid or gas to be warmed. In such 
applications the complete combustion of the fuel, the reduction of unin¬ 
tentional heat losses and the complete transfer of the heat from one 
medium to another are the things of prime importance. 

Wlien the heat from fuels is used to produce power this is accom¬ 
plished by the expansion of gases and vapors. When an internal-com¬ 
bustion engine is used, the fuel is burned directly in the working cylinder 
and the products of combustion expand in the cylinder, doing work as 
the piston moves and the gases expand. In steam power plants all the 
various functions that are accomplished in the cylinder of the internal- 
combustion engine are performed in different pieces of equipment. The 
fuel is burned in a furnace and the heat of the products of combustion is 
transferred to steam in a boiler and superheater, with the final conver¬ 
sion to work being accomplished as the high-pressure steam expands 
through a turbine or engine. 

9*2. Reversible Heat Engine Cycles. Since thermal energy is con¬ 
verted to mechanical work by the expansion of gases and vapors that in- 
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crease in volume as they expand, such a conversion cannot be complete. 
This fact and the concept of entropy were developed in article 3 • 8 where 
the maximum possible conversion efficiency was also discussed. The 
next step is to investigate the requirements that must be met by an en¬ 
gine cycle that will convert this maximum possible portion of thermal 
energy into useful work. 

It was in 1824 that Sadi Carnot first presented the idea of a reversible 
cycle as the most efficient one possible. Such a cycle may be used as 
either a heat engine or as a heat pump. Heat may be absorbed by a gas 
or vapor from a high-temperature source, part of it converted to work by 
expansion, and the remainder rejected j 
to the cooling medium at the lower 
temperature. Such a reversible cycle, 
when operated backwards, would be 
able to absorb the same amount of heat 
previously rejected at the lower tem¬ 
perature, and by having an amount of 
compression work done on it equal to 
that delivered by it during expansion, 
the original amount of heat can be 
delivered back to the initial condition. 



Constant temperature 13=14 


Fig. 9*1. Carnot cycle 


This is an ideal limit that may be approached but never completely 
reached by actual cycles. For its accomplishment, heat would have to be 
transferred with a zero temperature difference, for otherwise it could not 
be accomplished with equal ease in either direction. It is true that if a 
large enough surface area is provided and sufficient time is allowed, heat 
can be transferred from one medium to another with a very small tem¬ 
perature difference, but it can never be transferred where there is no 
temperature difference. 

A reversible compression or expansion would have to be an adiabatic 
change with perfect insulation so no heat is conducted to or from the 
cylinder. In addition, it would have to be done slowly and without 
turbulence, for otherwise it could not be performed in the reverse direc¬ 
tion. Such a reversible adiabatic change would be done at constant 

dQ 

entropy, since dQ and consequently = ds would be zero. 

Carnot’s ideal reversible closed cycle is shown by Figure 9*1 on a 
pressure-volume chart. Heat, 1 ^ 2 ? is added at constant temperature 
Ti - ^2, with the piston moving from volume Fi to V 2 . The entropy 


The 


f dQ 1Q2 

increase during this portion of the expansion is / ^ — "TjfT’ 

Ji M Ti 

expansion continues as the adiabatic (2-3) until the lowest cooling tern- 
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perature available, Ts, is reached. Since dQ = 0 for this portion of the 
stroke the entropy change is zero. 

The return of the working medium to the initial condition is started in 
the Carnot cycle by the compression 3-4 performed at constant tempera¬ 
ture Ts — T 4 . During this operation an amount of heat, J" dQ = 3 Q 4 , 
is conducted to the cooling medium, and this corresponds to a decrease 

in entropy of f ^ • The volume V is such that the reversible 

Jz ^3 T3 

adiabatic (4-1) will return the gas or vapor in the cylinder to the original 
starting condition at ( 1 ). 

During this cycle an amount of heat 1 Q 2 is added at temperature Ti, a 
net amount of useful work represented b}^ the work area 1,2,3,4 is per¬ 
formed and heat ( 3 Q 4 ) is rejected to the cooling medium at the tempera¬ 
ture 2 ^ 3 . Since the entropy is constant during each of the adiabatic 
changes 2-3 and 1-4, it must follow that the entropy increase during the 
isothermal expansion 1-2 when 1 Q 2 is added at temperature Ti must be 
equal to the decrease in entropy during the compression 34, where the 
heat conducted away is 3 Q 4 at the temperature ^ 3 . Thus, 

Heat added Heat ngected 

W2 " n 

From equation 9 • 1 

Work done = Heat added—Heat rejected == Heat added ^1 


[94] 

- r ) ‘^'^1 


This shows that the reversible Carnot cycle has an overall efficiency 
equal to the maximum possible value at which thermal energy can be 
converted to mechanical work. 

9*3, Entropy as a Coordinate. Pressure-volume diagrams such as 
Figure 9 • 1 and Figure 4 • 1 are useful for showing the mechanical concepts 
of pressure exerted and volume occupied, but they are not adapted to 
showing the thermal conditions of a gas or vapor. Since entropy is de¬ 
fined by ds = ^, it is very useful to show such cycles as the ones of 

Figure 9 4 on the temperature-entropy diagram shown in Figure 9 • 2 . 

In the Carnot cycle the heat added at the upper temperature Ti is 
'*2 r 2 

Ti ds and this is shown in Figure 9-2 as the area 




1 , 2 , 3 , 5 ,6, 4 . The heat rejected during the compression 3-4 is J' dQ 
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7^3 ds^ which is shown by the area 3,5,6,4. The useful work done by 

the cycle, which is the diffc^’cncc between th('. heat addcid and the heat 
rejected, is shown by the area 1,2,3,4. 

Temperature-entropy diagrams arc equally useful for showing the 
effects of deviations from ideal cycles. If, in the Carnot cycle just dis¬ 
cussed, h(‘at had been lost by conduction from the cylinder during the 
expansion 2-3, it would be represented on a T-s diagram by some line 
2-3'. The heat input to the cycle is the same as before, but the useful 

expansion work done is reduced by the 
area 2,3',3. The heat conducted away 
during expansion is 5',3',2,3,5 and the 
total heat discharge^d to the cooling me¬ 
dium is represented by area 6,4,3',2,3,5. 

When aii}^ change in condition of a gas 
or vapor, such as constant pressure or 
constant volume, is shown on a tempera¬ 
ture-entropy diagram the relationship be¬ 
tween the available and unavailable 
portions arc immediately discernible as 
areas and this is the real usefulness of such 
diagrams. It is usually a very good idea, 
when analyzing any cycle, to use both 
P-F and T-s diagrams. 

When fuels are burned, the calculated 
amount of air for complete (‘ombustion is the theoretical amount to be 
supplied. If less is supplied, incomplete combustion losses occur and 
when excess air is added the thermal energy released is distributed to a 
correspondingly greater weight of exhaust gases. In actual practice 
incomplete mixing and insufficient burning time available may necessi¬ 
tate the use of large quantities of excess air to avoid prohibitive incom¬ 
plete burning losses and at other times excess fuel may be deliberately 
used to obtain a maximum output from an engine or furnace even 
though a reduced efficiency is involved. 

To prevent losses when heat is transferred from a hot medium to 
another that is being heated, the transfer should be complete. How¬ 
ever, as a heat source such as the products of combustion is cooled to a 
feyv^ hundred degrees Fahrenheit, the temperature difference causing 
heat transfer is reduced and the rate of heat transfer becomes smaller. 
It is usually more economical to permit some of the heat to leave with 
the products of combustion than to make the equipment investment that 
would be required to make such a transfer of heat complete. For this 



Fig. 9-2. Temperature-entropy 
diagram. 

9*4. Practical Limitations. 
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same reason it is not economically feasible to approach even closely the 
ideal reversible process of transferring heat with a negligible tempera¬ 
ture difference in a heat engine cycle. 

A reversible expansion or compression is more nearly feasible than a 
reversible heat transfer operation, especially when gases or vapors 
expand through a nozzle to create a high-velocity jet as in turbines. The 
time involved is so short that heat losses are practically negligible and 
in properly designed nozzles, turbulence losses are small. 

An extreme example of heat transfer during compression is that of air 
compression discussed in article 8*3. There cooling water is circulated 
in the cylinder jacket with the intention of removing a maximum amount 
of heat and it reaches values as high as one-third of the compression work. 

In internal-combustion engines some heat must be removed by conduc¬ 
tion from the high-temperature combustion gases to avoid overheating 
the pistons and cylinder walls and make lubrication possible. This heat 
loss has the general order of magnitude of one-tenth the heat of the 
products of combustion. This represents a deviation from the ideal 
reversible or constant entropy expansion that is dictated by mechanical 
necessity. 

In the reversible cycle the expansion is continued until the expand¬ 
ing gases reach the lowest available temperature but this is not desirable 
in an actual engine. Long before such a temperature is reached the 
pressure of the expanding gases would be so low that thermal and me¬ 
chanical losses would consume most of the additional work that might be 
obtained by further expansion. Consequently, in reciprocating or piston 
type heat engines, the expansion is not carried to completion before the 
gases are released to the exhaust. In steam turbines and other types of 
continuous flow machines these limitations are not present and com¬ 
plete expansion is usually carried out. 

This list of deviations from the ideal reversible cycle in no wise 
detracts from the value of the available and unavailable energy concepts 
previously developed. The fact that in actual heat engines practical 
considerations result in deviations from the ideal cycle makes it even 
more important to have the reversible Carnot cycle as an unvarying 
basis of comparison. 

Suggested Reading 

Available Energy 

Emswiler, Thermodynamics. Chapter XVII. 

Barnard, Ellenwood, and Hirshfbld, Heat Power Engineering. Part I, 
Chapter V. 

Second Law of Thermodynamics 

Croft, Therrnodynamics, Fluid Flow and Heat Transmission. Chapter VII. 



CHAPTER 10 


INTERNAL-COMBUSTION ENGINES 

10*1. Types of Engines. Early internal-combustion engines were 
not practically successful because the gas pressures in the cylinder were 
very low and the output of a given sized engine was quite small. The 
mixture of air and fuel was usually ignited at atmospheric pressure, and 
this shortcoming was not overcome until the air-fuel mixture was pre- 
compreSvSed to a fairly high pressure before ignition occurred. The result 
of this compression was to increase greatly the average working pres¬ 
sure during the expansion stroke. The pre-compression idea is incor¬ 
porated in all present-day internal-combustion engines. 

Engines arc classified as Jour-stroke cycle or two-stroke cycle engines, 
depending on whether four or two strokes are required to complete one 
cycle of events. In the four-stroke cycle engine the first stroke as the 
piston moves outward in the cylinder serves to draw an air or air and 
fuel charge into the cylinder. During the return stroke the charge is 
compressed and exists at a high pressure in the clearance space at the 
end of this second stroke. After the charge is ignited it expands, forc¬ 
ing the piston out again and doing work during the third or expansion 
stroke. During the fourth or final stroke the gases are forced out as the 
piston returns and the engine is then ready for another cycle. The four 
strokes of this cycle are illustrated by Figure 10*1. 

In the simple two-stroke cycle shown in Figure 10-2 the ignited 
mixture expands behind the piston on the down stroke a and at the 
same time the air or combustion mixture in the crankcase is pre-com- 
pressed to a pressure that is slightly above atmospheric. This continues 
until the piston reaches the by-pass from the crankcase when the exhaust 
valve opens and the expanded gases flow out. As the by-pass is uncov¬ 
ered after the piston passes, the pre-compressed gas in the crankcase 
flows into the cylinder, tending to purge the burned gases and fill the 
cylinder with a fresh charge. 

This continues until when, on the up stroke 6, the piston reaches the 
by-pass port, the exhaust valve closes and the by-pass is closed off. Dur¬ 
ing the remainder of the up stroke the fresh mixture above the piston is 
compressed and new air or gas mixture is drawn into the crankcase 

123 



intake valve 


124 


INTERNAL-COMBUSTION ENGINES [Chap. 10 



Fig. 10-1. Four-stroke cycle. 



Fig. 10’2. Two-stroke cycle. 
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through the intake valve which opens after the piston passes the by-pass 
port. 

The advantage' of a two-stroke cycle over the four-stroke cycle is that 
it makes iK)ssible a working stroke each revolution for each cylinder 
instead of reciuiring two revolutions to yield one working stroke. Its 
chief disadvantage lie's in the difficulty of purging all the burned gases 
from the cylinder in the short time available. 

Internal-combustion engines are also classified in terms of the method 
utilized to ignite the air-fuel mixture. In the spark ignition type, this is 
accomplished by an electric spark across the gap of a spark plug in the 
cylinder. In compression ignUion engines only air is prc'sc'iit in the cylin¬ 
der during the compression stroke, and the compression is continued until 
the air temperature is above the ignition i)oint of the fuel to be used. At 
the end of the compression the liquid fuel is injected into the cylinder in 
the form of an atomiz(‘d spray and burning results. Much higher com¬ 
pression pressure's are possible in the compression ignition engines than 
in the spark ignition type. Since combustion cannot occur until the fuel 
is injected, the limit of spontaneous combustion of the air-fuel mixture 
that controls pressures in spark ignition engine's is not present. 

Engines arc also designated by the number of cylinders such as 4, 6, 8, 
9, 14, as well as by the cylinder arrangement, such as in-line, V, or radial. 
Minor classificatiems designate engines in terms of the valve location and 
operation and other mechanical details that in no wise change the prin¬ 
ciple of operation. 

The size of an engine cylinder is designated by the cylinder diameter or 
bore, stated first, followed by the length of stroke, both given in inches 
such as 43 ^ in. by 4^ in. The volume of gas in the cylinder of an engine 
at the start of compression is the piston displacement, pd, plus the clear¬ 
ance volume c. The volume of gas at the end of the compression stroke 
is the clearance volume. This ratio of initial to final volume is known as 
the compression ratio r of the engine, or 

Piston displacement + clearance pd + c rirx 

j, ^ — -^-=- 110-IJ 

C learance c 

The compression ratio, which is much greater in compression ignition en¬ 
gines than in spark ignition ones, is a very useful basis for the classifica¬ 
tion of engines. Thus, an engine having a clearance volume one-fifth of 
the piston displacement has a compression ratio of 

_ pd + jpd _ 1 + i ^ 6 

^ ipd i 1 


or 6 to 1 
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10*2. Gasoline Engines. The function of the carburetor of a gaso¬ 
line engine is to meter the fuel and atomize it in the air going to the 
engine. It must furnish a proper mixture of fuel in air over a wide range 
of loads and temperatures and be adapted to sudden changes in running 
conditions. Only a portion of fuel is vaporized in the carburetor, the 
remainder being vaporized later in the cylinder. Tlie richest air-vapor 
mixture that will burn is 8 to 1 by weight and 20 to 1 is the leanest com¬ 
bustible mixture. 

In the gasoline engine, the entire fuel charge is in the cylinder when 
ignition occurs and since no further external control can be exercised over 
the burning process, it is essential to know what things influence the 
burning process. After combustion starts in a stagnant mixture in an 
enclosed space, the flame front starts traveling through the mixture. 

The burned and hot gases behind the flame front tend to expand and 
compress the unburned portion. The temperature of the unburiied por¬ 
tion is raised by its compression and by radiation from the burning 
gavses. The expansion of the burned gases tends to blow the flame front 
forward at an increasing velocity. This flame velocity is of the order of 
15 to 30 ft per sec in a nonturbulent mixture. 

High-speed engines would be impossible with the flame velocities at¬ 
tained in stagnant mixtures. The residual velocity and turbulence 
caused by the piston motion during compression, combined with the 
turbulence that is caused by the expansion of the burning gases in a 
properly designed combustion space, produce combustion rates many 
times greater than those realized in stagnant gases. Without turbulence, 
the entire surface of the combustion space would be covered by a stag¬ 
nant layer of mixture that would be cooled so rapidly that it would never 
burn. High turbulence sweeps this mixture from the walls and causes it 
to be burned. High turbulence is essential to complete and rapid burn¬ 
ing. 

If the unburned portion of the mixture receives heat faster than it 
transmits it to the surrounding metal, the critical pressure and tempera¬ 
ture of the mixture may be reached. At this critical condition of sponta¬ 
neous ignition, the entire imburned portion ignites spontaneously and 
sets up destructively high-pressure waves in the combustion space. This 
phenomenon is known as detonation and represents one of the most serious 
problems of high-speed gasoline engines. 

The tendency to detonate is aggravated by increased compression ratio 
because pressures and temperatures are increased, and the amount of 
dilution from burned gases contained in the clearance space is decreased. 
The greater the distance of flame travel, the more chance for detonation, 
which puts a premium on small-bore engines and centrally located spark 



Art. 3] 


OIL ENGINES 


127 


plugs. A combustion chamber design that subjects the last part of the 
mixture that is burned to the rapid cooling of a large exposed surface 
reduces detonation. 

The detonating characteristics of different gasolines vary widely and 
the relative ^^knock^' or detonation ratings of fuels are expressed as their 
octane ratings. Since octane (CgHis) is better in this respect than gaso¬ 
lines, and heptane (C 7 H 16 ) is worse than any gasolines, the octane number 
of a gasoline is the percentage of octane in a mixture of octane and 
heptane that gives the same detonation tendencies as the fuel in question. 

The comparison is made in a standard C.F.R. engine (Cooperative 
Fuel Research), and the intensity of detonation is measured by the 
bounce imparted to a pin resting on a diaphragm when detonation oc¬ 
curs. Octane '70'^ indicates a gasoline that gives the same intensity of 
detonation in the C.F.R. engine as is given by a mixture of 70 per cent 
octane and 30 per cent heptane. 

ThcTe is an appreciabk' time delay between ignition and the time when 
enough fuel has been burned to produce a rapid pressure rise. For this 
reason, ignition occurs before the end of compression, and this ignition 
advance is as much as 40 deg of crank angle for high-speed engine^s. To 
give the burned gases time to escape from the cylinder and to prevent an 
excessive back pressure on the exhaust stroke, the exhaust valves are 
opened before the end of the expansion stroke. This angle of lead is often 
45 deg before bottom dead center in automotive engines. 

Since the pressure in the cylinder during the suction stroke is less than 
atmospheric, it has been found that the weight of charge taken into the 
cylinder is increased by leaving the intake valves open for as much as 45 
deg after the end of the suction stroke. Similarly, the exhaust valves do 
not close until 10 deg after the end of the exhaust stroke to aid in clear¬ 
ing burned gases from the cylinder. 

10*3. Oil Engines. In the true Diesel cycle, the fuel is burned at 
constant pressure, but in most modern oil engines, the method of fuel 
injection results in some constant-volume burning. The oil engine 
differs from the gasoline engine chiefly in the fact that the fuel is in¬ 
jected into the cylinder at the end of compression and by varying the 
rate of injection, some external control of the burning process can be 
exercised. At the end of compression, the air pressure is approximately 
500 lb per sq in., and the temperature about 1000 deg F. The fuel is 
forced in at a pressure of 2000 to 3000 lb per sq in. through a nozzle 
that gives a finely atomized spray that penetrates throughout the com¬ 
bustion space. 

Once it is in the combustion space, the manner in which the fuel burns 
may vary widely. If sufficient oxygen is locally available to each drop- 
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let of liquid hydrocarbon fuel as it reaches its ignition temperature, 
normal burning may be expected. However, if the fuel reaches its 
dissociation temperature without contacting the oxygen for combustion, 
it is believed to break down into hydrogen, methane, and carbon. Once 
this hydrogen mixes with the proper amount of air, it is thought to 
detonate, following which the m(f hane burns and the carbon remains 
largely unburned. 

This detonation which results in a sudden pressure rise, carbon deposit, 
and noisy running is known as Diesef 'Tump.'' It was originally be¬ 
lieved to be a property of a Diesel fuel, but it is equally dependent on the 
engine-operating conditions and the fuel-injection system. In addition to 




IfG. 10-3. Otto cycle events. Fig. 10-4. Ideal Otto cycle. 

the requirements of proper fuel distribution in the combustion space, the 
precision required of fuel-injection pumps and nozzles may be illustrated 
by the fact that for each firing stroke of a 5 in. by 7 in. cylinder of a 
Diesel engine a maximum of 0.0003 lb of fuel is injected in atomized 
form. This represents a sphere of oil }/$ in. in diameter. 

10*4. The Ideal Otto Cycle. The pressure-volume indicator dia¬ 
gram for a four-stroke Otto cycle engine is shown by Figure 10 3. In 
the Otto cycle engine the fuel-air mixture is ignited at the end of com¬ 
pression and constant-volume burning is assumed. In actual engines 
this burning period extends over several degrees of crank angle. The 
pressure in the cylinder of an actual engine during the exhaust stroke is 
higher than atmospheric and the presvsure during intake or suction 
stroke is less than atmospheric by the amount necessary to produce the 
required gas velocity through the valves. 

The compression and expansion are usually assumed to be reversible 
adiabatic or constant entropy operations. However, in an actual engine 
it is necessary to water-jacket the cylinder and remove heat with cooling 
water to protect the metal parts from overheating and to insure satis¬ 
factory lubricating oil films. 

The resulting ideal Otto cycle shown in Figure 10-4 is usually analyzed 
by assuming that the medium in the cylinder is air and that its specific 
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heat is constant. During the constant entropy compression 1-2 the 
compression work done is numerically equal to the increase in internal 
energy. The thermal input during the constant-volume combustion 2-3 
is Wcv{T'^ — T 2 ) and during the constant entropy expansion 3 - 4 , the 
expansion work done is accompanied by a corresponding decrease in 
internal energy. The gases in the cylinder at the end of the expansion 
stroke are at a high tempcTature T 4 , and the thermal energy discharged 
with the exhaust gases is the same as the amount of heat that would 
have to be removed to cool th(' gases at constant volume from T 4 to Ti. 

Since the useful work done is the difference between the input and the 
losses, the efficiency is 


Efficiency (c) = 


Wc,{T^, - T 2 ) - Wc,iT, - T,) 
Wc,{T, - T2) 


[ 10 - 2 ] 


The compression 1-2 and the expansion 3-4 are both assumed to be 
adiabatic changes, so 


= T 2 

T, = T3 



[10-3] 

[104] 


^3 

Since -- 
1^4 

results in 


I 2 

Fi’ 


equation 10-2 combined with equations 10-3 and 104 


e 


(7^3 ~ 


T2) - {Ts - T2) 



Ts - T2 



[10-5] 


The volume ratio T 1 /E 2 is the compression ratio, so the ideal Otto cycle 
efficiency may be written. 


e = 1 — 



[ 10 - 6 ] 


This expression for the Otto cycle efficiency is based on the assumption 
that Cv and 7 are constant around the entire cycle, which is not accurate. 
During compression the cylinder contains a mixture of gasoline vapor, 
air, and products of combustion from the clearance volume at a tempera¬ 
ture around 500 deg F, for which the average value of Cv == about 0.175 
applies and 7 = 1 . 4 . At the end of burning the cylinder is filled with a 
mixture of CO 2 , N 2 , and water vapor at a temperature above 3000 deg F 
and for which Cy is about 0.25 and 7 is less than 1.3. 

From this it is apparent that to assume Cy and 7 constant is a very 
crude approximation. Such a cold-air standard using 7 = 1.4 gives re- 
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suits that are entirely too high and it is not a satisfactory quantitative 
analysis because it ignores the actual properties of the mixture in the 
engine. In spite of such shortcomings it is useful for pointing out the 
qualitative effect of increased compression ratio on the efficiency of an 
Otto cycle. 

A rather arbitrary expedient known as the hot-air standard efficiency is 
to use a value of 7 = 1.3 in equation 10-6. The efficiency so calculated 
is reasonably close to the accurate values obtained by the use of gas 
tables that will be discussed in article 10 • 6 . 

10*6. The Ideal Diesel Cycle. In the Otto cycle engine variations 
in load are met by varying the pressure in the cylinder during the intake 



Volume Volume 


Fig. 10*5. Ideal Diesel cycle. Fig. 10*6. Effect of late burning. 

stroke by means of a throttle valve between the carburetor and the 
cylinder. This changes the weight of mixture taken in and consequently 
the compression and expansion pressures. At all loads the buiming of the 
mixture is assumed to be at constant volume at the end of the compres¬ 
sion stroke, and the ideal Otto cycle analysis is the same for all loads. 

In the ideal Diesel cycle shown in Figure 10*5, the analysis is compli¬ 
cated by the fact that burning is assumed to occur at constant pressure 
and variations in load are met by changing the duration of the burning 
period. This not only affects the location of point 3, Figure 10-5, but it 
also changes the composition of the combustion mixture in the cylinder 
during expansion, since the variable amount of fuel injected into a con¬ 
stant amount of air causes a variation in air-fuel ratio. 

The ratio of the gas volume in the cylinder at the end of fuel injection 
F 3 to the clearance volume V 2 is known as the cut-off ratio. This cut-off 
ratio F 3 /F 2 usually varies from 1.25 at light loads to about 2.50 at heavy 
loads. As a result, the ideal Diesel cycle efficiency varies with engine 
load and is not a fixed value, depending only on the compression ratio as 
it is in the ideal Otto cycle. 

In actual fuel-injection, compression-ignition engines the early portion 
of the burning occurs essentially at constant volume and the remainder 
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at conditions some place between constant pressure and constant tem¬ 
perature. Since there is no single ideal cycle that covers all cases, it is 
advantageous to analyze the so-called Diesel cycle in terms of the instan¬ 
taneous efficiency for the fuel as it burns at any time during the injection 
period. 

For any fuel that is burned at constant volume at the beginning of the 
expansion stroke in an engine having a clearance volume that is a 
fractional part c of the piston displacement, the ideal efficiency from 
equation 10-6 is 



since the compression ratio r - - 

c 

The instantaneous efficiency of utilization for heat relc^ased by fuel 
burned at any point a fraction x of the stroke after expansion starts may 
be found by the method illustrated by Figure 10*6. If it is imagined 
that no fuel is injected until the air has re-expanded to point 3, the result 
would be the indicator (‘ard 1,3,4,5 and the efficiency would be the same 
as that of an ideal Otto cycle with a compression ratio. 


Equivalent compression ratio 


Yi 


I + c 

C + X 


Instantaneous efficiency = 



[ 10 . 8 ] 

[10-9] 


In this way the ideal (‘fficiency for the fuel burned at any point during 
expansion may be calculated. 


Diesel Cycle Example 


For an engine with a clearance volume 0.08 times the piston displacement, 
the hot-air standard efficiency for the fuel burned at the outset of expansion is 
found from eciuation 10-7 as 


e 


= 1 - 


ViW 


0.541 


If the cut-off ratio is 2,- = 2, or the last fuel is burned at a fraction of 

c 

the expansion stroke, x == 2 X 0,08 — 0.08 = 0.08. The efficiency of utiliza¬ 
tion of this last fuel burned is 


c = 1 - 



= 1 - 


/o.ieV^'^ 

Vl. 08 / 


= 0.437 


The average efficiency for any particular cycle would depend upon the way in 
which the fuel is assumed to be burned. 
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Equation 10-9 reflects a very important characteristic of the Diesel 
cycle. At light load, fuel is injected for a short period only and a small 
value of X indicates a high efliciency. As the load is increased, the dura¬ 
tion of the burning period increases, and the average cycle efficiency 
becomes progressively lower. 

10*6. Cycle Analysis Using Gas Tables. It was assumed in the 
analysis of the ideal Otto cycle in article 10-4 that gas specific heats at 
high temperatures are constant and that the expansion mixture had the 
properties of cold air. These assumptions do not have to be made if the 
gas table calculation methods of article 4*5 are used. The use of such 
tables has been discussed but it may be well to carry through an illus¬ 
trative example. 


Example of Otto Cycle Efficiency Calcui^tions Using Gas Tables 


If it is assumed that the ideal cycle of Figure 10-4 is for a compression ratio of 
Vi 7 

— = “ , the reversible adiabatic or constant entropy compression 1-2 may be 
K2 1 

calculated as shown by Figure 4-2. For such a compression ratio the dilution 
of the compression mixture with burned products of combustion will not be 
serious, and the compression mixture may be considered as air starting at an 
initial temperature at 1 of, say, 110 deg F or 570 deg R. 

From Table 4-2, at 570 deg R, the internal energy u\ - 5.1 Btu per lb. The 
entropy change along a constant temperature compression from Fi to F 2 , 
Figure 4-4, is from equation 4-31, 

R V 2 53.3 

2 ' = ^ ~ 778 ^ "" -0.1332 Btu per lb per deg R 


If the entropy at 2, Figure 4-4, is to be the same as that at 1, there must 
be an increase in entropy during the constant-volume change 2'-2, Figure 4-4, 
equal to the entropy decrease along the constant-temperature change 1-2'. 

5t;2 = V + 0.1332 = + 0.1332 = 0.0093 + 0.1332 = 0.1425 


From Table 4 *2, T 2 — 1221 deg R and the internal energy U 2 , Figure 10 -4, is 
119.2 Btu per lb. 

Since the work done by the piston on the air during the constant entropy 
compression in an engine cylinder is numerically equal to the change in internal 
energy, ^2 — = 119.2 — 5.1 = 114.1 Btu per lb. 

During the constant-volume burning 2-3, Figure 10-4, the fuel and air are 
burned to products of combustion. For an air-fuel ratio of 18 to 1, correspond¬ 
ing to about 20 per cent excess air, Table 4 -9, and a lower heating of 18,800 
Btu per lb of fuel, the internal energy per pound of combustion mixture is 


greater than that before burning at 2 by an amount 


18,800 


988 Btu per lb. 


19 
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The lower heating value of the fuel must be used in this calculation because 
the constants for the combustion mixture in Table 4*11 do not include the 
vaporization of the moisture in the combustion mixture. Thus the internal 
energy per pound of combustion mixture is 988 + 119.2 = 1107.2 Btu per lb 
and from Table 4-9, the tcmj)eraturc at the end of combustion T-s is 5049 deg R. 

The temperature calculated in this manner, is too high because at tem¬ 
peratures in excess of 4000 deg R, the dissociation of carbon dioxide is signifi¬ 
cant, and this factor is not considered in Table 4 • 9 . 

The constant entropy expansion 3-4, Figure 10 -4, may be calculated as illus¬ 
trated in P'igure 4-4 by using a constant-temperature expansion from K 3 to F 4 , 
and a constant-volume change from T3 to T'4. The entropy increase during the 
constant-temperature expansion from F 3 to F 4 is 

Ast = - log. ^ log. 7 = 0.1332 

J Vz 7/8 

This means that during the constant-volume cooling from T 3 ~ 4922 deg R to 
Ti, Sv must decrease by 0.1332 if the expansion 3-4 is to be at constant entropy. 

S .4 = ~ 0.1332 = 0.5008 - 0.1332 = 0.367G 

From Table 4 -9, T 4 — 2994 deg R and lu = 553.9 Btu per lb. 

The internal energy change during expansion which is equal to the total 
work done on this piston is 

Us-U 4 = 1107.2 - 553.9 = 553.3 Btu per lb 

The net work done per cycle is the difference between the expansion work and 
the compression work, or 


Output = 553.3 — 114.1 = 439.2 Btu per lb 


The value of the efficiency depends upon whether the higher or lower heating 
value of the fuel is used. Using the higher heating value amounts to saying 
that the cycle is at fault because the combustion gases are not expanded to such 
a temperature that the moisture formed by the combustion of hydrogen in the 
fuel is condensed. Using the lower heating value amounts to saying that the 
cycle should not be expected to expand to such a low temperature. 


Efficiency for lower heating value 
Efficiency for higher heating value 


439 ^ 

988 

439.2 

1083 


= 0.445 


= 0.406 


The corresponding cold-air standard Otto cycle efficiency for a com¬ 
pression ratio of 7 is 



= 0.448 
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=0.358 

In a similar manner the efficiency for a Diesel cycle or any modification 
of it may be calculated. In the Diesel cycle the compression is the same 
as in the Otto cycle, but the combustion is at constant pressure instead 
of at constant volume, and the expansion is through a volume ratio less 
than that of the compression. 

Too much significance should not be placed on the maximum tempera¬ 
tures calculated for ideal cycles because delayed burning, heat losses, 
and dissociation cause them to be much lower. 

10*7. Internal-Combustion Engine Performance. The final output 
or brake horsepower of an engine is found by measuring the output 
torque with a brake or dynamometer and determining the rotative speed 
or rpm. The input is found by weighing the rate of fuel consumption and 
knowing the heating value of the fuel used. This ratio of brake output to 
thermal input, correct in units, is known as the brake thermal efficiency» 
Another method of reporting efficiency that is not quite so exact but 
which is commonly used is the pounds of fuel required for each horse¬ 
power-hour delivered. In modern engines using liquid hydrocarbon 
fuels this fuel consumption is usually between 0.4 and 0.6 lb of fuel per 
brake horsepower-hour. 

Such an efficiency includes both the mechanical and thermal losses 
and whenever possible it is desirable to separate the losses. The thermal 
losses are represented by the difference between the thermal input and 
the work done on the piston by the gases during each cycle is represented 
in Figure 10*3 by the difference between the area under the expansion 
curve and that under the compression curve, or area a,b,c,d. From this 
area it is possible to find an average gas pressure which, acting on the 
piston throughout one stroke, would account for the net work done. 
This pressure is known as the indicated mean effective pressure (imep). 
The indicated horsepower (i hp) of the engine may then be calculated 
from the net work per cycle and the number of working strokes per min¬ 
ute for the engine under consideration. Each cylinder of a four-stroke 
cycle engine gives one working stroke for each two revolutions and one 
working stroke per revolution in a two-stroke cycle engine. 

The difference between the energy accoimted for by the indicated 
horsepower and the thermal input of the fuel represents the thermal 
losses. The ratio of indicated work to thermal input is known as the 
indicated thermal efficiency. The difference between the indicated horse- 
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power and the brake horsepower is the friction horsepower and the 
mechanical efficiency is the ratio of brake to indicated horsepower. The 
friction horsepower may be broken up into the mechanical friction and 
the pumping loss. The pumping loss, which is the work done in moving 
the exhaust gases from the cylinder and that necessary to draw the fresh 
charge in, is represented by the area a,e,f,g. Figure 10-3. This pumping 
loss is small in low-speed engines with adequate valve passages but in¬ 
creases in higher-speed engines. Since gasoline engines are throttled to 
reduced loads by restricting the intake to the engine, this lowers the suc¬ 
tion pressure along a,g,f and increases the pumping loss. 

Since accurate indicator cards are difficult to obtain for high-speed 
engines, the indicated horsepower is often found from the brake horse¬ 
power by adding the friction horsepower as obtained by using a dyna¬ 
mometer to drive the engine with the fuel shut off. Such a test does not 
exactly reproduce the friction losses present in an engine under load 
conditions, but it is a fairly satisfactory substitute. 

A widely used concept is that of an equivalent gas pressure that is 
thought of as acting on the piston during the working stroke, this pres¬ 
sure being sufficient to account for the brake horsepower. This concept 
of a brake mean effective pressure (bmep) is used because in many tests 
only the brake output is determined, the friction and indicated horse¬ 
power being unknown. This would mean that the ratio, bmep/imep, 
would be equal to the mechanical efficiency. 

When maximum economy of operation is desired of an engine, the air- 
fuel mixture used is on the lean side to insure the complete combustion 
of all the fuel. However, when the maximum possible amount of power 
is desired from a given engine, excess fuel is used to insure the complete 
utilization of all the oxygen in the cylinder charge. It is highly desirable 
to take in a maximum amount of new air each stroke during each intake 
stroke if the power developed by a given engine is to be a maximum. The 
weight of the new charge taken in during the suction stroke is reduced by 
the necessary expansion of the hot, high-pressure gases in the clearance 
space and by heat conduction from the hot metal of the engine. 

This means that an engine with a low-compression and large clearance 
volume will take in a smaller charge of new air than one with a high- 
compression ratio and correspondingly small clearance volume. This 
effect is measured quantitatively by the volumetric efficiency which is de¬ 
fined as the ratio of the actual weight of air taken in per suction stroke 
to the weight that would be handled if the entire piston displacement 
could be filled with air at the intake pressure and temperature. 
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Example of Internal-Combustion Engine Performance 

Performance calculations may be illustrated by considering; the test results 
for a six-cylinder, 3 in. by 4 in. (bore and stroke), 3000 rpm, four-stroke cycle 
gasoline engine that has a compression ratio of seven to one. Dynamometer 
tests resulted in a brake horsepower of 58, mechanical efficiency of 0.78, and 
a fuel consumption of 0.59 lb of fuel per brake horsepower-hour. Exhaust gas 
analysis gave an average air-fuel ratio of 15.1 lb of air per lb of fuel and the 
higher heating value of the fuel used was 20,600 Btu per lb. 


Brake Thermal Efficiency 

The thermal input per brake horsepower-hour is 0.59 X 20,600 = 12,130 Btu 


and since one brake horsepower-hour is 


550 X 3600 
778 


= 2545 Btu the brake 


. 2545 

thermal efficiency is . 

12, lou 


0 . 21 . 


Indicaied Thermal Efficiency 

For a brake thermal efficiency of 0.21 and a mechanical efficiency of 0.78, 

0.21 

the indicated thermal efficiency is = 0.27 as compared with a value of 

U.7o 

0.35 that was calculated for this same compression ratio, using the ideal cycle 
and the gas tables. 


Brake Mean Effective Pressure 

For a brake mean effective pressure equal to P, the work done per expansion 

stroke is t( 3)^ X -P X rr ; the number or working strokes per minute is 
‘4 12 

3000 X f = 9(XK). The brake horsepower is 



4 9000 
12 33,000 


or P = brake mean effective pressure is 90.5 lb per sq in. 


Volumetric Ejjiciency 

If it is assumed that the engine tests were run at an air temperature of 70 deg 
F and 14.7 lb per sq in., 1 cu ft of air weighs 0.073 lb, one full piston displace- 
TT (3)^ X 4 

ment of air would weigh - ^ ^ 0.0012 lb. At 100 per cent 

volumetric efficiency the engine would use f X 3000 X .0012 = 10.8 lb of air 
per minute or 649 lb per hour. Since the engine uses 58 X 0.59 = 34.2 lb of 
fuel per hour at an air-fuel ratio of 15.1, it actually uses 516 lb of air per hour. 

516 

This represents a volumetric efficiency of — = 0.795. 

v)4U 
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Suggested Reading 

Internal-Comhustion Engines and Engine Details 

Norris and Thkrkelsen, Heat Power. Chapters II and III. 

Internal-Combustion Engines 

Severns and Degler, Steam^ Air, and Gas Power. Chapter XVI. 

Gas Engine Cycles 

Moyer, Calderwood, and Potter, Elements of Engineering Thermodynamics. 
Chapter IV. 



CHAPTER 11 


STEAM ENGINES 

11 *1. Steam Power. The oil engine with its fuel-injection pump and 
cooling system is a complete power plant. Similarly, the gasoline 
engine with its carburetor, ignition system, and cooling equipment, 
forms a self-contained unit. In both engines the fuel is burned directly 
in the cylinder and the products of combustion are the working medium. 

In a steam plant the various operations are separated. The fuel is 
burned in Si furnace and the heat of the products of combustion is trans¬ 
ferred to the steam in the boiler and superheater. The steam then goes 
to an engine or turbine where it expands and does work, the steam being 
discharged into a condenser where it is condensed. This condensate then 
enters the boiler-feed pump and is pumped through a feed-water heater 
into the boiler. 

In smaller plants some of these elements may be missing but in large 
plants all are present together with many auxiliaries such as condenser 
pumps, forced-draft fans for the furnace, and fuel-handling equipment. 
Steam power is consequently best adapted to larger power plants. 
Many small plants exist in ships and locomotives, but steam is best 
adapted to the development of large concentrated blocks of power. 

Steam has several advantages as a medium for the development of 
power. Water, which is universally available, has a small volume and 
may be pumped into a boiler with a minimum amount of work. After 
heat is added and the water is vaporized to steam, a large volume of 
vapor is available for expansion in an engine or turbine. Low back pres¬ 
sures may be maintained by discharging the expanded steam into a con¬ 
denser where it is condensed and the condensate is then returned to the 
boiler. The pressure that is maintained in the condenser affects the 
portion of the energy of the steam that is converted into useful work and 
this pressure is dependent upon the temperature of the cooling water 
available to the condenser. 

The energy of steam may be converted into mechanical work in either 
of two ways. It may be expanded in an engine cylinder and do work on 
the moving piston. Such an engine is a ‘‘batch” type machine in which 
the steam is carried through a complete cycle in individual batches. 
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Steam may also be expanded through the nozzles of a turbine after 
which the kinetic energy of the steam jet is transformed into useful work 
by the blading of the rotating turbine wheel. Such a ''continuous flow'' 
machine as a turbine finds its most economical application in large instal¬ 
lations and because of its weight and bulk the reciprocating-piston type 
engine finds its greatest application in the smaller sized units. 

11‘2. Vapor Charts. The first step in the study of steam equipment 
is a ready understanding of the properties of steam and a familiarity with 



Fia. 11-1. Temperature-entropy diagram for steam. 

steam tables and steam charts. In addition to the pressure-volume dia¬ 
gram of steam shown by Figure 4*1 and discussed in article 9-3,* dia¬ 
grams that indicate entropy changes are very useful. 

The temperature-entropy T-s chart of Figure 11*1 and the Mollier 
diagram or enthalpy-entropy h-s diagi-am of Figure 11-2 arc quite 
useful in aiding with the visualization of vapor operations. A reversible 
adiabatic or constant entropy change becomes a vertical line on each 
diagram, and since vaporization of the liquid at any pressure occurs at 
the corresponding saturation temperature, lines of constant pressure and 
of constant temperature coincide in the mixture region. 

On the temperature-entropy diagram, constant-pressure lines are dis¬ 
continuous in the superheat region, but on the Mollier or enthalpy- 

• It is recommended that articles 4*1, 4*2, and 4*3 be reviewed at this point. 
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entropy diagram it is the constant-temperature lines that change at the 
saturation line. Both diagrams show constant-quality lines in the 
mixture region, but as a rule, neither type of diagram shows volume lines. 

There are many problems that may be solved graphically on large- 
scale charts, but even when vapor tables are used it is always very help¬ 
ful to sketch the operations involved on at least two types of diagrams. 



Entropy (s) 

Fig. 11*2. Enthalpy-entropy or Mollier diagram. 


11*3. Steam Calorimeters. When the temperature and pressure of 
steam are measured, if the temperature should be above the saturation 
value corresponding to the pressure, the steam is known to be super¬ 
heated and its properties may be found in the superheated steam tables. 
However, if the measured temperature should be equal to the saturation 
value, the condition of the steam would not be definitely known, because 
more or less moisture might be present. If the moisture should amount 
to more than 3 or 4 per cent of the mixture by weight it is usually deter¬ 
mined by mechanically separating it from the steam in a separating 
calorimeter. In such an instrument the moisture that is centrifugally 
separated from the steam is measured and the amount of dry steam flow¬ 
ing is found either by a flow meter or by being condensed and weighed. 

Since most so-called saturated steam comes from the boiler with less 
than 3 per cent moisture, its quality is ordinarily determined with a 
throttling calorimeter such as illustrated in Figure 11*3. 
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When steam at a quality Xi and pressure Pj is expanded through the 
insulated nozzle of the calorimeter and comes to rest or moves with a 
very low velocity in the cup, its temperature is indicated by the ther¬ 
mometer. This free expansion, which occurs with no loss or gain of heat 
from the surroundings, is represented on the Mollier diagram of Figure 
] 1 • 4 by the constant enthalpy line 1-2. If the initial pressure and qual¬ 
ity Pi and xi are such that the final temperature T 2 as found by the 
calorimeter thermometer is in the superheat region, the final and the 



Fig. 11*3. Throttling calorimeter. Fig. 11*4. Throttling on an h-s diagram. 


initial enthalpy may be evaluated, and the initial quality xi may be cal¬ 
culated. 

The final enthalpy ^2 i^ay be interpolated from superheat tables in 
terms of the pressure and temperature or it may be calculated as the 
enthalpy of saturated vapor at the pressure P 2 (usually atmospheric) 
plus the enthalpy of superheat. Since the specific heat at constant pres¬ 
sure Cp of atmospheric pressure steam near saturation is quite constant 
at 0.47, the enthalpy at the condition 2 is, 

^2 = hg2 + 0.47 (<2 4at 2 ) 

where hg 2 i« the enthalpy of saturated steam and 4at 2 is the saturation 
temperature at pressure P 2 . Since the throttling process of the throttling 
calorimeter is a constant enthalpy change, 

hi = h 2 = hfi + Xihfgi = hg 2 + 0.47(^2 4at 2 ) [11*1] 

From equation 11 • 1 it is possible to calculate the initial quality Xi of 
the wet steam provided the initial moisture content is not too great for 
the final condition to be in the superheat region. 

An idea of the lowest quality at which a throttling calorimeter can be 
used successfully may be obtained by considering wet steam at 100 lb per 
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sq in. absolute passing through a calorimeter to an atmospheric back 
pressure. If 1 deg of superheat is assumed to be the minimum amount 
that can be definitc^ly detected by the calorimeter thermometer, the 
limiting conditions would then be defined by 

^2 = 213 deg F 4at.2 ~ 212 deg F 


and for Pi = 100 lb per sq in. 

hn = 298.40 /?/gi = 888.8 h^2 = 1150.4 

thus, 

298.40 + :ri 888.8 = 1150.4 + 0.47(213 - 212) 


and :ri = 0.96 which means that under these conditions, a throttling 
calorimeter could not be used when the moisture exceeds 4 per cent by 
weight. 

11‘4. Operation of Steam Engines. The simplest form of a steam 
engine is the slide-valve type illustrated in Figure 11*5. In slow-speed 
reciprocating boiler-feed pumps and like applications where ruggedness 
and simplicity are more important than high efficiency, the valve remains 
in the position shown in Figure 11-5 until the piston is near the head, 
or in this case, the left-hand end of the cylinder. During this entire 
stroke, steam is admitted to the right-hand or crank-end side of the piston 
through the intake port, and steam is exhausted from the head end of 

the cylinder through that discharge 
port. Wlien the piston is near the left 
end of the cylinder a lug on the piston 
rod actuates a bell crank which moves 
the valve completely to the right-hand 
position and the return stroke is 
started. 

This results in steam being admit¬ 
ted at constant pressure throughout 
the stroke and this means poor economy, since no expansion of the steam 
occurs. In such steam engines variations in load are accommodated by 
reducing the pressure of the steam admitted to the cylinder by throttling 
it through a valve. 

In small steam engines with flywheels the valve is actuated by an ec¬ 
centric on the crankshaft. This eccentric is usually designed and 
adjusted to admit steam for 0.4 to 0.6 of the stroke, after which the steam 
then in the cylinder Is permitted to expand during the remainder of the 
stroke. In simpler engines this eccentric setting is fixed, and constant 
and load variations are met by throttling the steam to a lower pressure 


Steam inlet 


1 D-slide valve 

—^ 

Slide valve 


To Exhaust 

Operated by 
eccentric 

V 









Fig. 11-5. Slide-valve steam engine. 
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before it is admitted to the cylinder. The throttle valve is controlled by 
the weighted fly-ball governor of the engine. 

A decrease in speed causes the governor to open the throttle valve and 
thus increase the pressure of the steam admitted to the cylinder and 
restore the speed to its initial value. Such throttling governing is not 
economical but its appeal lies in its mechanical simplicity. 

In more highly developed steam engines an inertia governor on the 
flywheel rotates the valve eccentric to vary the point of cut-off and thus 
meet variations in load by changing the portion of the stroke during 
which full-pressure steam is admitted. At light loads steam is admitted 
for only a small portion of the stroke and at heavier loads steam is cut off 
later in the stroke and the amount of expansion is reduced. 

If an engine had no losses, maximum efficiency would be realized with 
a cut-off early enough to permit the complete expansion of the steam to 
the back pressure against which it must be exhausted. In an actual en¬ 
gine with losses it does not pay to expand the steam to such a low pres¬ 
sure because the friction and thermal losses would be greater than the 
work done by the steam during the low-pressure part of the expansion. 
For this reason the expansion is incomplete in actual engines because 
cut-off occurs so late that at the end of the expansion stroke when the 
exhaust valves are opened, the pressure of the steam in the cylinder is 
greater than the back pressure against which it must be exhausted. This 
means that energy is lost as the steam expands freely through the exhaust 
valves. There is also a corresponding loss during admission in the form 
of a pressure drop to give a high steam velocity through the intake valve 
port. 

The greatest loss that occurs in the slide-valve engine is due to initial 
condensation. During the exhaust stroke low temperature, wet steam 
passes out through the valve ports and around the valves, cooling the 
metal. When high-pressure steam is admitted for the next stroke, it 
must flow over these same cooled metal surfaces and heat them. This 
results in the condensation of some of the steam admitted, and the heat 
thus stored in the metal is later picked up and carried away by the ex¬ 
haust steam at the end of expansion. The net result is the same as if 
some of the incoming steam were allowed to blow right past the cylinder 
to the exhaust. 

The initial condensation that takes place inside the cylinder is reduced 
somewhat by the compression of the clearance steam. Just before the 
end of the exhaust stroke both the exhaust and intake valves are closed, 
and the steam so trapped in the clearance space is compressed and its 
temperature and that of the cylinder head and piston are raised by this 
compression. This results in a reduced condensation loss and at the 
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same time it is a mechanical precaution used to bring the piston to rest 
by the cushioning effect of the trapped steam. 

The Uniflow engine shown in Figure 11-6 was developed to reduce 
this initial condensation loss. In it the inlet and exhaust ports are 
separated, by using a long piston, placing the exhaust ports at the center 
of the cylinder, and causing the piston to act as its own exhaust valve. 
The duration of admission of steam, which is n^gulated by the intake 
valves, is controlled by the governor as in other steam engines. 

With this arrangement the metal near the exhaust ports remains at 
the exhaust steam temperature, and that of the intake ports remains 
near the intake steam temperature. Thus the initial condensation 
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Fig. 11 * 6 . Poppet-value Uniflow steam engine. 


caused by the alternate heating and cooling of metal in the slide-valve 
engine is eliminated. This accomplishes a very substantial increase in 
eflaciency and has resulted in use of Uniflow engines in most of the larger 
reciprocating steam engine applications where economy is a governing 
consideration. 

11*6. Complete Expansion Rankine Cycle. Since a steam cycle 
involves an engine or turbine, a condenser, a boiler-feed pump, and a 
boiler, the analysis makes it necessary to follow the working medium 
from one piece of equipment to another. Since the ideal Carnot cycle 
(article 9 • 2) is not practical for a vapor cycle, a slightly modified Rankine 
cycle is commonly used as a basis of comparison in steam plants. 

The history of one pound of steam as it passes through this ideal cycle 
is shown by Figure 11-7&. Steam at condition 1 or 1 ' expands at con¬ 
stant entropy through an engine or turbine to the condenser pressure 2 or 
2 ', which is governed by the temperature of the available condenser 
cooling water. At this pressure and temperature the exhaust steam is 
condensed to liquid at 3 and this condensate is then pumped into the 
boiler at pressure P 4 = Pi. Heat must then be supplied to heat the 
liquid from 3 to 4 and to evaporate it into steam at the initial condition. 

The corresponding pressure-volume diagram for the steam in the en¬ 
gine cylinder is shown by Figure 11 ‘7a. As one pound of liquid is 
pumped into the boiler and evaporated at constant pressure Pi, another 
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pound of steam is forc('d into the engine and an amount of flow work 
"j P shown by area 4,1,5,0, Figure ll-7a, is done during admission. 

During the constant entropy (expansion 1—2 the e.xpan.sion work done 
is equal to the change in intcTiial energy Uy — U 2 , and this is represented 
graphically by area 5, 1 , 2 , 0 . As the steam is moved into the condenser 



(a) (b) 

Fig. 11*7. Complete expansion Rankine cycle. 


during the exhaust stroke the piston returns an amount of flow work 
j P 2 ^ 2 , shown by the area 3,2,6,0. The net amount of work delivered 
to the piston per pound of steam is 

Rankine output = ^ PiFi + (mj - uz) - - P^Vz = h - hz [11-2] 
J J 


Since an ideal condenser should condense the exhaust steam at the 
saturation temperature corresponding to P 2 , the feed pump picks up the 
condensate with an enthalpy / 1 / 2 . This means that the total cycle input 
per pound of steam is 

Rankine input — hi — hf 2 

^ . Output hi - h 2 

Rankine efnciency = —- =- 

Input hi — h /2 

For such a complete expansion Rankine cycle the steam condition at 2 or 
2' is calculated from the steam tables as an ideal constant entropy ex¬ 
pansion for which Si = $ 2 ^ 

A complete expansion Rankine cycle is shown on a T-s diagram in 
Figure 11-8. For steam that is initially dry and saturated this cycle is 


[11.3] 

[11.4] 
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indicated by 1,2,4,5. A corresponding Carnot cycle is shown by 1,2,3,5 


and the only difference is that in the 
at a condition 3 so determined that 



Fig. 11-8. T-s difxgram of Camot 
and Rankine cycles. 


Carnot cycle condensation is stopped 
a constant entropy compression will 
end at point 5 on the saturated 
liquid line. In the Rankine cycle it 
is found to be more practical to com¬ 
plete the condensation at 4, pump 
the liquid in the boiler, and then add 
heat to reach condition 5. The mag¬ 
nitude of the difference in efficiency 
between these two cycles can proba¬ 
bly be best illustrated by working 
out numerical examples. 


Example of a Complete Expansion Rankine Cycle 


For dry saturated steam at an initial pressure Pi == 100 lb per sq in. absolute 
and an atmospheric condenser pressure,= 1186.6 Btu per lb, and si = 1.6022. 
For the expansion 1-2, 

Si = S2 = S/2 + X2Sfg2 


or 


1.6022 = 0.3119 + 1.4446a:2 

X 2 = 0.893 and h 2 ^ h 2 X 2 hf 2 
A 2 = 180.0 — 0.892 X 970.'2 = 1046.0 Btu per lb 


Useful work = hi — h 2 = 1186.6 — 1046.0 = 140.6 Btu per lb 
Energy supplied ~ hi — hj 2 = 1186.6 — 180.0 = 1006.6 Btu per lb 
Heat absorbed in the condenser = ^2 — hf 2 = 1046.0 — 180 = 866.0 Btu 
per lb. 


The cycle efficiency is 

e 


hi — h2 
hi — hj2 


140.6 

1006.6 


0.140 


Example op Ideal Carnot Cycle 


For the example previously worked out, Ti = 460 + 327.83 = 787.83 deg R, 
which is the temperature at which heat was added. The condenser tempera¬ 
ture at which heat is discharged is 

T 2 = 460 + 212 = 672.0 deg R 


The Carnot efficiency is 

Ti - T 2 787.83 - 672.0 
® “ Ti ~ 787.83 


0.147 


as compared with 0.140 for the Rankine cycle operating between the same limits. 
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11*6. Incomplete Expansion Cycles. The complete expansion cycle 
of Figure 11 -7a is realized in actual engines only at very light loads in 
cut-off governed engines. The pressures near the end of the expansion 
stroke are so low that the output of an engine would little more than 
overcome friction losses. Over most of the operating range of an engine 
steam is admitted during a greater portion of the stroke, with the result 
that the pressure at the cnid of the expansion stroke is somewhat above 
the condenser pressure. Such an incomj)lete expansion cycle is shown 
by Figure 11-9 and it is somewhat less efficumt than the ideal complete 
expansion cycle. The corresponding history of a pound of steam as it 
goes through the cycle is illustrated by Figure 11 - 10 . 



Volume (V) Entropy (s) 

Fig. 11-9. Incomplete expansion Fig. 11 10. Incomplete exparihion cycle 
Rankinc cycle. on an h-s diagram. 


The free expansion that occurs when the exhaust valve opens and the 
steam rushes into the condenser from the higher release pressure is 
represented by the throttling process 2-3, and the' accompanying entropy 
growth is an indication of the increase in unavailable energy that 
results. 

The output of such a cycle is the flow work during admission jPiVi, 

u 

plus the expansion work Ui — ^ 2 , minus the exhaust flow work ^ P 3 F 3 

J 

Output = 1 PiVi + Ml — M 2 — 7 •P 3 F 2 [11-5] 

J J 

Output = Ml + I PiFi - (m2 + j P2V2) - J PzV 2 + j ^ 2^2 [11-6] 

Fo 

Output = Ai — ^2 + “7 (P 2 ~ P 3 ) 

U 


[11-7] 
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As before, the ideal expansion is defined by si = §2 and the Rajikine 
input is 

Input = Ai — h /3 [11-8] 

hi -h2+ y (P2 - P 3 ) 

Incomplete expansion efficiency --——- [11*9] 

/ll — /i/3 


Example of an Incomplete Expansion Rankine Cycle 


For dry saturated steam at Pi — 100 lb per sq in. gage jircssure expanded to 
an absolute release pressure of 30 lb per sq in., and (‘xhausted to atmospheric 
pressure, 


Si = S 2 = s/2 "i" ^2^fg2j 1.6022 = 0.3680 -f- X2‘1.3310 


a ;2 = 0.926 h 2 = hf 2 + X 2 hf ,2 = 218.73 + 0.926 X 945 - 1093.73 Btu per lb 
V 2 = F /2 + X 2 Vf ,2 = 0.01698 + 0.926 X 13.728 = 12.737 cu ft per lb 
hfz = 180 Btu per lb hi — 1186.6 Btu per lb 
(30 - 14.7)144 X 12.737 


1186,6 - 1093.73 + 


Efficiency = 


778 


1186.6 - 180 


= 0.128 


In very simple pumping engines admission at full boiler pressure is 
continued throughout the stroke as shown in Figure 11 - 11 , and such an 
engine operates on a nonexpansive cycle. For such a cycle the efficiency is 

j(PlVi-P2V2) y(Pi-P2) 

Efficiency ------- —-- 7 - [11-10] 

hi — hf2 hi — hf2 

For the same 100 lb per sq in. steam pressure and atmospheric exhaust 
used in the previous examples, the efficiency of the nonexpansive cycle is 


Efficiency = 


144(100 - 14.7)4.426 
778(1186.6 - 180.0)778 


The various examples may then be summarized: 


Carnot cycle efficiency 0.147 

Complete expansion efficiency 0.140 

Incomplete expansion efficiency 0.128 

Nonexpansive efficiency 0.069 


All these efficiencies are, of course, calculated for low-pressure and tem¬ 
perature steam and atmospheric exhaust. When high-pressure super¬ 
heated steam is used with a low condenser pressure, all the efficiencies 
are greater, but the relative values are essentially the same. 
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11 >7. Throttling Loss. When the output of an engine is governed by 
throttling the steam to a lower pressure before admitting it to the engine 
the entropy growth during throttling reflects a decrease in the energy 
available for conversion to mechanical work. The effects of such a 
throttling process are illustrated on the Mollier diagram of Figure 11-12. 
If steam initially at condition 1 is expanded at constant entropy to the 
back pressure Pq the ideal available energy is hi — / 12 . However, if it is 
first throttled to pn^ssure P 2 at 3 before expansion to the back pressure at 
4, the available energy is reduced to which is less than hi — h 2 . 


Admission 

1 

Exhaust 

2 

1 

1 

( 

1 

1 

1 


Volume (V) 

Fia. 11-11. Nonexpansive cycle. 




Fig. 11-12. Throttling lobb. 


Example of Throttling Loss 


If saturated steam is at 100 lb per sq in. absolute pressure as in the complete 
expansion Rankine cycle exanqilc, it was found that hi — /?2 = 1180.0 — 1040.0 
= 140.0 Btu per lb. If the steam is first throttled at constant enthalpy to an 
admission pressure of P 2 = 50 lb per sq in. absolute, it is superheated with 
Ji^ = /j 2 . The resulting temperature from superheat tables is 305.4 deg F and 
53 = 1.0751. 

Since S 3 = S 4 = s /4 + 


Xi 


1.0751 - 0.3134 
i'444G 


0.944 


h 4 = 180 + 0.944 X 970.2 = 1090 Btu per lb 

The work done is hi — h = 90.0 Btu per lb as compared with 140.0 Btu per lb 
for no throttling. 

11*8. Steam-Engine Performance. The actual work done on the 
piston of an engine by the steam is less than that calculated from the cor¬ 
responding ideal cycle by an amount equal to the thermal losses, and the 
previously mentioned initial condensation loss is predominant. The indi¬ 
cated horsepower is customarily determined from indicator cards, the 
brake horsepower from brake or dynamometer tests, and the rate of 
steam consumption is found by condensing and weighing the exhaust 
steam. 
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The best measure of the degree of perfection of any engine is a com¬ 
parison of its performance with that of the corresponding ideal cycle 
operating under the same conditions. The indicated engine efficiency is 
the ratio of the indicated work per pound of steam to the work done by a 
pound of steam from the ideal cycle. The brake engine efficiency is a cor¬ 
responding ratio of brake work per pound of steam to the ideal cycle 
work. 

The overall or brake thermal efficiency of a steam engine is calculated 
as the ratio of brake output to Rankine cycle input per pound of steam, 
and the indicated thermal efficiency is found in a similar way. Another, 
but a rather indefinite method of expressing the economy is in terms of 
the pounds of steam used per brake horsepower hour, and this is known 
as the water rate. It is not a definite method of measuring engine effi¬ 
ciency since initial steam pressures and temperatures, as well as the back 
pressures maintained by condensers, vary so much in practice. It is 
usual practice to express this water rate in pounds of dry steam, because 
any moisture initially in the steam makes a negligible contribution to the 
work done by the steam. 

Low condenser pressures are very important if steam engines are to 
have high efficiencies. There is almost as much available energy in the 
expansion of steam from atmospheric pressure to an absolute pressure of 
one inch of mercury as when saturated steam expands from 100 lb per 
sq in. to atmospheric pressure. The use of high initial pressures and 
temperatures and very low condenser pressures increases the difference 
between intake and exhaust temperatures and makes initial condensation 
a more serious loss. 

During the period when reciprocating steam engines were the chief 
source of power, this loss was reduced by breaking up the total expansion 
in as many as three and four steps. In such multiple expansion engines 
the temperature range in any one cylinder was much less and condensa¬ 
tion was materially reduced. 
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12*1. Jet Formation. Even though a nozzle is but a specially shaped 
passage through which high-pressure gas or vapor is expanded to create 
a high-velocity jet, it serves to transform part of the random thermal or 
molecular energy into controlled and directed energy that can later be 
converted into useful mechanical work. When a gas or vapor has no 
flow velocity the average molecular velocity is the same in all planes of 
motion, but once flow starts, the average velocity of the molecules in the 
direction of flow is greater than that in the direction counter to the flow. 
This means that a molecule moving in the direction of flow will experi¬ 
ence less difficulty due to collisions than one attempting to move counter 
to the flow, and by such a mechanism the molecular velocity in the flow 
direction is increased. 

This increase in the molecular kinetic energy in the direction of flow 
is accompanied by a decrease in the kinetic energy in the plane normal 
to the flow, which is reflected by decreased pressure along the jet. The 
curved approach section shown by the nozzle in Figure 12-1 is the 
general shape that has been found experimentally to promote jet forma¬ 
tion with the least turbulence and disturbance. 

The simple nozzle shown by the solid lines in Figure 12 • 1 is made up of 
a curved approach section and a parallel throat section. The velocity 
of the jet in the parallel throat section is increased by a reduction of the , 
back pressure against which the discharge occurs. In this way the 
throat pressure may be decreased until the flow velocity reaches the 
average molecular velocity (article 2-2), usually referred to as the 
acoustic velocity. Once this velocity is reached, the mechanism of 
molecular impact in the direction of flow is incapable of causing a greater 
jet velocity, because the molecules are no longer colliding with those 
ahead. Consequently, any additional reduction in the back pressure 
cannot produce a further increase in the throat velocity or change the 
throat pressure. 

If such a simple nozzle were used to discharge gas or vapor into a 
region of low pressure, the jet would leave the nozzle throat at a greater 
pressure and it would consequently spread out and become turbulent. 
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The diverging nozzle section shown by broken lines in Figure 12-1 must 
be added when a nozzle is to be used with a low back pressure. The ac¬ 
tion of such a diverging section in increasing the flow velocity above the 
maximum attainable in a parallel section is illustrated schematically in 
Figure 12*2. A molecule that strikes the nozzle wall with only a trans¬ 
verse velocity v normal to the flow direction, rebounds from the wall 
with a greatly reduced transverse velocity and a flow component that 
depends on the angle of the wall. It is in this manner that the flow 
velocity of a jet can be increased above the acoustic value and the pres¬ 
sure reduced in a diverging nozzle section. 



Fig. 12*1. Nozzle shape. Fig. 12 -2. Diverging nozzle section. 


There are many factors involved in nozzle design that must be deter¬ 
mined experimentally but there are also many important conclusions 
that may be reached analytically. Even though a nozzle is a simple 
appearing passage that does not move, it accomplishes the very impor¬ 
tant function of reducing the amount of random and uncontrolled molec¬ 
ular motion and increasing the portion of the molecular energy that is 
directed and controlled in the form of a high-velocity jet. 

12-2. Ideal Nozzle Equations, Tlie principle of conservation of 
energy may be written for a gas or vapor as it passes through a nozzle, 

Heat conducted = Internal + Compression + Flow -|- Acceleration 
Energy Work Work Work 

dQ = du + \ PdV + ^ VdP + ^vdv [12-1] 

J J Jg 

Likewise, it can also be stated that the pounds per second passing any 
point in the nozzle is constant for steady flow, or 

bAv = Constant [12*2] 

where 5 = density in pounds per cubic foot at any point, and 
A »= nozzle area in square feet at any point. 
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For an ideal nozzle with no heat conducted to or from the p;as or vapor, 
dQ = 0, equation 12-1 may be written in terms of enthalpy as 


0 = + - d{PV) + — vdv ^ dh + -- vdv [12*3] 

J Jg Jg 

For vapors and high-temperature gases, the enthalpy change must be 
found from tables, but for low-tempeiature gases it may be calculated. 
For gases, 

dh = CpdT [12-4] 


If the flow through the nozzle is assumed to be nonturbulent and 
reversible, the entropy is constant. This condition must be solved 
from tables when vapors are involved, but for gases — constant 
or when this is combined with the general gas equation, the temperature 


at any point is given by 



[12.5] 


where the subscript 1 refers to a known initial condition. The density 
at any condition must be found from tables when vapors are involved, 
but may be calculated from the general gas equation in other cases. 
For gases. 


w _ P 
V~~'RT 


[12.G] 


Since the concept of absolute temperature refers to a gas at rest when 
the average molecular velocities are the same in all three planes of mo¬ 
tion, it must be redefined for application to high-velocity jets. It can¬ 
not be considered as the reading that would be recorded by a stationary 
thermometer introduced in the stream, but must be thought of as the 
temperature that would be indi¬ 
cated by a thermometer moving 
with the jet. In this way, the gas 
equations derived for stationary 
gases may be applied to gases moving 
at high velocity with unequal compo¬ 
nents of molecular velocity as long 
as the temperatures and pressures 
used are relative to the moving yiq. 12 3. Expanding nozzle, 
stream. 

12*3. Gas Nozzles. For a gas flowing through the nozzle of Figure 
12 ‘ 3, equations 12 • 3 and 12 • 4 may be combined to give 

CpdT H —vdv = 0 

Jg 



[12-7] 
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If this equation is integrated between point 1, where the temperature 
is Ti and the velocity is zero, and point 2 in the nozzle throat, where 
the relative temperature is T 2 and the velocity is ^2, 


rTi j rvi 

I CpdT + — / ^dv = 
Jti JqJo 


or 


1 


Cp{T2 - ^ 1 ) + ^*’2 - 0 
Solving for the throat velocity, 

1^2 = [2JgCpiTi - T2)P 


[ 12 - 8 ] 

[12-9] 


Since the throat temperature T 2 is not usually known, it may be elim¬ 
inated by using equation 12-5 to obtain 


T 2 = n 


^^y7-i)/7 


[ 12 - 10 ] 


By combining equations 12 -9 and 12-10, 


/ 


2JgCpTi ^1 - 

t:) )J 


Since the density of the gas at the throat condition 2 is 



[ 12 - 11 ] 


[ 12 - 12 ] 


The rate of discharge in pounds per second for a throat area A 2 square 
feet may be found from equations 12-11 and 12* 12 as 




The critical pressure ratio P 2 IP 1 at which the velocity V 2 at the 
nozzle throat reaches the acoustic velocity (article 12-1) corresponds 
to the value that results in a maximum discharge rate (52^42^2)* For a 
given set of initial conditions Pi and Ti, this critical pressure ratio that 
results in maximum discharge may be found by equating the first dif- 
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ferential of equation 12-14 to zero. Since will be maximum 

when 32^2^2 maximum, 




( 7 + 1 ) /t 


This results in 




= 0 


[12-15] 


J =y .0,53 (12. 


16] 


Combining this with equation 12-11, gives 




Critical V 2 


[12-17] 


This means that the throat velocity and rate of discharge will pro¬ 
gressively increase as the pressure against which the nozzle discharges 
is decreased. This will continue until, for diatomic gases. 


Pi 


= 0.53 


Further decrease in the discharge pressure will not succeed in reducing 
the throat pressure below this value, since the flow velocity in the 
parallel throat section cannot exceed the acoustic velocity given by 
equation 12-17. 

When a nozzle is to operate with a lower back pressure the expanding 
section. Figure 12-3, must be added and the velocity in this section 
will exceed the critical value. The discharge conditions at point 3 may 
be calculated by writing equations 12-11 and 12-12 between 1 and 3 
to give 

t'a = [12-18] 


and 


53 = 


RTx \Pi/ 


[12-19] 


The proper angle of divergence for such an expanding section cannot be 
calculated but has been found experimentally to be between 10 and 14 
deg. With a larger angle there is danger of the flow breaking away from 
the nozzle wall, thus causing turbulence losses, and with smaller angles 
the nozzle becomes too long and the friction losses are too great. The 
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throat and discharge areas A 2 and may be calculated from the con¬ 
tinuous flow, equation 12*2, and the values of velocity and density at 
each point. 


Example of Gas Nozzle Calculations 


For an ideal gas nozzle discharging 100 lb per sq in. gage pressure, 80 deg F 
air into a region atmospheric pressure, the initial pressure Pi = (100 + 14.7) X 
144; P 3 = 14.7 X 144 lb per sq ft absolute, and the throat pressure P 2 = 0.53Pi 
= 60.8 X 144 lb per sq ft. The throat velocity may be found from cither equa¬ 
tion 12-11 or equation 12-17 as 


V2 


(y — 1) 

= 2J<7c,7’,p^ = 

L (t + i)J L 


2 X 778 X 32.2 X 0.241 X 540 X 


^41^ 

2A_ 


V2 


1042 ft per sec 


The density at the throat is 


32 = (0.53)1'* 4 ^ 0.362 lb per cu ft 

RTi \Pj 53.3 X 540 


The discharge velocity is 


«a= ) = 


/ 

/ 14 7 \0.4/1.4\ "IH 

2 X 778 X 32.2 X 0.241 X 540 ( 

‘-(.W )J 


Ca = 1723 ft per sec 


Pi MV'"' 114.7 X 144 / 14.7 ' 

‘--mVfJ -»021bp.rcutt 


Since 62^22^2 = hAsVsj 

A3 ^ 82V2 

A 2 ^3^3 


0.362 X 1042 


1.66 


0.132 X 1723 

which is the ratio of discharge area to throat area for such an ideal nozzle. 

The relative throat temperature T 2 that would be read by a thermom¬ 
eter traveling with the stream is found from equation 12-10 as 




(7-1)/r 


= 540 X 0.833 = 450 deg abs 


or —10 deg F. Obviously, a stationary thermometer introduced into 
the throat stream would indicate no such temperature. 
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12 *4. Steam Nozzles. Nozzle calculations for steam or other vapors 


diflfor from gas calculations only in that vapor tables and not 

gas equa- 

tions arc used to evaluate tlu' properties. For steam, equation 12 • 3 may 

be integrated for the nozzle of Figure 12 • 3 to give 






1 dh + 1 vdv = 0 

Jhi dg Jo 

[12-20] 

or 


[12-21] 

which gives 


1)2 = 

- [2Jg(h - = 223.7(/q - 

[12-22] 

Similarly, 

ca = 223.7(Ai - 

[12-23] 

For a reversible expansion, the entr()i)y is constant, or 



Si — S2 — S3 

[12-24] 

The density may be 

calculated from the specific volume from the vapor 

tables, or 

1 , 1 

62 = rr and «3 = vr 

Vs 

[12-25] 


Even though steam does not conform to the ideal ga.s equations, the 
critical pressure ratio at which the acoustic velocity is reached in the 
nozzle throat may be calculated approximately from equation 12-16. 
For a constant entropy expansion of moderak' pressure and temperature 
superheated steam, the pressure and volume conditions arc predicted 
fairly well by using 7 = 1.31 in the gas (equation, PV'^ = constant. For 
a reversible expansion of wet steam a value of 7 = 1.13 does quite well. 
Based on these values of 7, 


Critical 


and 




superheated steam 


- ( 
V2.31/ 


31/0 31 


= 0.545 


Critical wet steam = 


13/0 13 


= 0.584 


Steam expanding from the superheat region into the wet steam region is 
especially complicated and will be discussed in article 12 -5. 



158 


NOZZLES 


[Chap. 12 


Example of a Steam Nozzle 

Assuming an initial condition of saturated steam at a pressure Pi = 100 lb 
per sq in. absolute, hi = 1186.6 Btu per lb and si = 1.6022. If the back pres¬ 
sure is set at P 3 = 80 lb per sq in. absolute, the throat pressure will be the same, 
for P 2 /P 1 will be greater than 0.584. For a constant entropy expansion, si = §2 
= Sf 2 + X 2 Sfg 2 ] or 1.6022 = 0.4532 + 1.167a:2; X 2 = 0.985. This gives h 2 — hf 2 
-^X 2 hjg 2 - 281.9 0.985 X 900.5 = 1169.4 Btu per lb. Also F 2 = Vf 2 + 

X 2 Vfg 2 = 0.0175 + 0.985 X 5.452 = 5.398 cu ft per lb. 

For these values, 

V 2 = 223.7Vfei - hi = 930 ft per sec 
and the pounds per second per square foot of nozzle throat area is 
W U2 930 

In a similar manner Table 12-1 has been calculated for the same initial 
saturated steam at Pi = 100 lb per sq in. absolute. 

TABLE 12 1 

Flow of Steam Through an Ideal Nozzle 


Ps 

P 2 

X 2 

xz 

V 2 

n 

W/a2 

90 

90 

0.993 

0.993 

557 

557.0 

114.2 

80 

80 

0.985 

0.985 

930 

930.0 

172.0 

70 

70 

0.975 

0.975 

1210 

1210.0 

201.0 

60 

60 

0.965 

0.965 

1442 

1442.0 

208.0 

68 

58 

0.963 

0.963 

1480 

1480.0 

208.5 


Throat conditions do not change for lower back pressures. 


50 

58 

0.963 

0.952 

1480 

1685 

208.5 

40 

58 

0.963 

0.942 

1480 

* 1885 

208.5 

30 

58 

0.963 

0.927 

1480 

2160 

208.5 

20 

58 

0.963 

0.907 

1480 

2470 

208.5 

14.7 

58 

0.963 

0.893 

1480 

2650 

208.5 


The results of the example of Table 12-1 indicate that for saturated 
steam at an initial condition of 100 lb per sq in. absolute, the critical 
throat velocity is reached with a back pressure of 58 lb per sq in. Further 
reduction of the back pressure cannot increase the throat velocity above 
the critical acoustic value of 1480 ft per sec or increase the rate of dis- 
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charge of steam. When accompanied by a properly designed diverging 
nozzle section, a further reduction in back pressure does increase the 
final velocity ^3 of the leaving steam. Since the rate of discharge is the 
same at all sections throughout the length of a nozzle, the necessary area 
may be calculated for any pressure condition. 

12*6. Supersaturation in Steam Nozzles. The method used to cal¬ 
culate the quality and enthalpy at any point during the constant entropy 
expansion of steam in a nozzle assumes that eciuilibrium has been estab- 



Entropy (s) 

Fig. 12-4. Section of h~s diagram showing supersaturation limit (Wilson line). 

lished. This same assumption is made in all vapor tables and charts, but 
in the absence of dust particles or other nuclei that promote drop forma¬ 
tion the steam may have passed from the nozzh' before condensation 
starts. When such an unstable condition, known as supersaturatiorif oc¬ 
curs, steam that would normally be wet continues to act as superheated 
steam. As a consequence the steam conditions and flow velocity as pre¬ 
dicted in the usual way are in error. 

Careful experimental work ^ indicates that when steam expands con¬ 
tinuously through a nozzle, normal condensation does not occur until 
the region corresponding to about 4}/^ per cent moisture on a Mollier 
diagram is reached. This condensation region, represented by the '^Wil¬ 
son line,’^ is more accurately defined as being parallel to the saturated 
steam line on an k-s diagram but approximately 60 Btu below it, as 
shown by Figure 12*4. 

When a nozzle uses steam in this unstable region, the final steam con¬ 
dition after a constant entropy expansion may be calculated with reason- 
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able accuracy by considering the supersaturated steam to act as a gas 
having an adiabatic exponent 7 = 1.31 and a gas constant R = 85.6. 
The final temperature may be found from equation 12*5 as 

T2 = Ti{^^J [12-26] 

The specific volume may be found from the gas equation and the velocity 
by integrating equation 12-3. Since for a gas, 


du = c^T = y” diPV) 

equation 12-3 becomes 

Since 



0 = —^ diPV) + i vdv 

7-1 g 


By integrating equation 12-29, 


or 


0 = 


T 

Jf’iVi 7 — 1 

^ = "y 
2g 7-1 


1 

d{PV) + - / vdv 

gJo 

(PiFi - P2V2) 


[12-27] 

[12-28] 

[12-29] 

[12-30] 

[12-31] 


Example op Supersaturation 


For saturated steam at 100 lb per sq in. absolute pressure expanding through 
a nozzle to a throat pressure of 60 lb per sq in., from the steam tables Fi = 4.432 
cu ft per lb and Ti — 327.8 -4- 460 = 787.8 deg R. The final temperature after 
a constant entropy expansion is found from equation 12 - 26 as 


Tt 




(y— 1) /y 


= 787.8 

\iooy 


(1 31-1)/I 31 


697 deg R or 237 deg F 


Had the normal condensation assumed in Table 12 • 1 taken place the tempera¬ 
ture would have been the saturation value corresponding to 60 lb per sq in. or 
292.7 deg F. 
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The specific volume at the throat as calculated from the gas equation is 

y _RT2 85.6X697 

r 2 = = —--= 6.9 cu ft per lb 

P 2 60 X 144 ^ 

The throat velocity from equation 12-lU is 


(PiVi - P2V2) 


V2 = ^ ^ - 60 X 144 X 6.9) 

V 2 = 1080 ft per sec as coiiiparod with 1442 ft per sec calculated in Table 12-1. 
The corresponding discharge rate per square foot of nozzle throat is 


W __ vi _ 1080 
02 1^2 0.9 


= 157 lb per sec per sq ft 


of area instead of the 208.5 calculated when normal condensation is assumed. 

This illustrates that when a nozzle is used to expand steam below the satura¬ 
tion condition, both the energy conversion and rate of discharge as calculated 
using the assumption of equilibrium and normal condensation arc high. In an 
actual nozzle this condensatif)n does not occur until after the steam has passed 
from the nozzle, and a loss in available energy due to shock pressure waves 
occurs when the condensation does take place. 


12*6. Nozzle Performance, The theoretical characteristics of steam 
nozzles may be illustrated graphically by Figure 12 -5. 


Experimental results for actual 
nozzles check the theoretical conclu¬ 
sions quite satisfactorily. Such items 
as nozzle wall friction, turbulence, 
and improper nozzle shape cause the 
actual steam velocity to be less than 
the theoretical value by from 1 to 2 per 

. . actual velocity 

cent. This ratio, ^—;— , , 

theoretical velocity 

is known as the velocity coefficient of 
the nozzle and it is usually 0.95 to 
0.99. 



1.0 0.58 0 

Discharge pressure _ P3 
Initial pressure “ P| 


Fia. 12 • 5. Nozzle characteristics. 


The actual rate of discharge of a nozzle may be higher than the theo¬ 


retical value in high-velocity nozzles. This may be the result of friction 
in the nozzle producing a density increase sufficient to offset more than 
the velocity decrease, and at other times it may be the result of initial 
moisture in the steam. Such drops of water do not travel at as high a 


velocity as the steam, thus they do not absorb their proportionate part 
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of the kinetic energy and the dry steam attains a higher velocity than 
the calculated value. In general, there exists a closer check between 
theory and practice in nozzles than in many other phases of heat power. 
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CHAPTER 13 


TURBINES 


13*1. Turbine Operation. In a turbine, high-pressure gas or vapor is 
first expanded through stationary nozzle passages and the resulting 
high-velocity vapor is directed into the buckets or blading on a rotating 
wheel where the kinetic energy is reduced as the jet does work on the 
moving blades. This is illustrated by Figure 13 • 1. 

The general idea is to reduce the vapor velocity to as low a value as 
possible in the blading and to accomplish this with the least amount of 



Fig. 13 1. Nozzlos and buckets of an impulse turbine. 


turbulence. The pressure drop that may be used in any one set of 
nozzles is limited by the permissible bucket velocity, and for this reason 
a turbine may have from one to as many as thirty stages. Each stage is 
made up of its set of stationary nozzles and moving buckets with the 
steam passing successively from one stage to the next. 

In a pure impulse turbine the decrease in pressure and increase in 
velocity occur only in the stationary blading or nozzles whereas in the 
reaction turbine there is a pressure drop in both the stationary and mov¬ 
ing blades. In both types of turbines the blading length must increase 
progressively in the lower-pressure stages to accommodate the increased 
volume of steam that must be handled, and it is this volume of steam 
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that must be passed through the last stage that limits the capacity of 
most turbines. 

13*2. Simple Impulse Stages, A simple single-stage impulse turbine 
and the corresponding velocity vector diagram are illustrated by Figure 
13 * 2. Ip such a turbine the absolute velocity v at which the steam leaves 
the nozzle is shown at the nozzle angle a. If th(' absolute bucket velocity 
is subtracted vectorially, the resulting vector is the relative velocity with 
which the steam enters the blading. Since the buckets of such a turbine 
are symmetrical, the relative leaving velocity vector may be drawn. To 



find the absolute velocity with which the steam leaves the wheel it is 
only necessary to add the absolute bucket velocity rw to the relative 
leaving velocity. 

The entering and leaving blade angle jS determines the shape of the 
blading and it may be seen from the vector diagram that the initial com¬ 
ponent of the steam velocity that is normal to the wheel {v sin a) is not 
altered. This means that the nozzle angle a has a very important influ¬ 
ence on the performance of a turbine stage. The smallest possible abso¬ 
lute final steam velocity realized when 2m = v cos a is v sin a. A small 
nozzle angle, a, would correspond to a low leaving velocity and high 
efficiency, but this is limited by the fact that it is this same component of 
velocity normal to the wheel that governs the amount of steam that 
may be passed through the turbine. It would be expected that the nozzle 
angles in the lower-pressure stages of a turbine where steam volumes are 
large would be greater than those in the high-pressure end of the unit. 
In practice, nozzle angles vary from 10 to 30 deg. 

For an ideal nozzle discharging W pounds per second of steam at a 


W 

velocity v, the stage input is — foot-pounds per second. The tan- 

^9 
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gcntial force exerted on the blading may be found from the motion 
equation F = Afa, by rearranging it, 


F - Af a - Af ~ 
dt 


M 

dt 


dv — Mass per sec X Change in velocity 


For a discharge of W pounds per second, the mass flowing per second is 
W/g. The change in a})solute tangential steam velocity produced by the 
buckets is the initial tangential absolute velocity {v cos oi) minus the 
final tangential component of absolute vc'locity which is shown by Figure 
13 • 2 to be — (v cos a — 2ra)). The change in velocity is 

V cos a — [ — cos ot — 2raj)] = 2{v cos a — ro)) 

The tangential force on the wheel is 


W 

F = — 2(v cos a — rco) 

g 


[13*1] 


The power delivered in foot-pounds per second for a wheel velocity rco 
is 


Stage output = Freo = —- — (v cos a — rco) 

g 

This results in a general expression for wheel efficiency of 

2TF 


Wheel efficiency = 


g 


rco{v cos a — rco) 


W 

2g' 


[13-2] 


[13-3] 


which has a maximum value when rco = ^ ^ of 


, , . _ . 2 ^ cos aX V cos a « 

Maximum efficiency =- 2 - == ^ 


[13-4] 


For the impulse turbine the same result may also be reached from an 
energy point of view. 

Input energy per pound = 


Leaving energy lost per lb == ;— [v^ sin^ a + {v cos a — 2rco)^] 


[13*5] 
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Leaving energy lost per lb = ” [t^ sin^ a + cos^ a 

^9 


— 4rco V cos a + 4(raj)^] 


1 


Leaving energy lost per lb = [v^ — 4ra> t; cos a + 4(rw)^] [13-6] 

^9 


Output per pound = input — losses 
1 




[v^ — -)- 4ro) V COS a — 4(rw)^] 


This gives as the expression for wheel efficiency, 

__ . 4ra^ V cos a — 4(ra>)^ 

Efficiency =-^- 


[13 • 7] 


[13-8] 


which is the same as equation 13*3 found on a power and force basis. 

The important conclusions about a simple impulse stage arc that for 
maximum efficiency the tangential wheel velocity should be half the 
tangential component of the steam velocity, and that a small nozzle angle 
results in a high wheel efficiency. 

13*3. Double-Velocity Stages. When it is desirable to have such a 
large pressure drop through the first stage nozzles of a turbine that the 
bucket speed cannot be increased to the value for maximum efficiency, it 
is often necessary to use a double-velociiy irnpuhe or Curtis stage. 

The velocity diagram for such a stage, shown in Figure 13 • 3, is the 
equivalent of two simple impulse stage diagrams with the addition of an 
intermediate set of stationary blades to reverse the direction of the steam 
between the two rows of moving buckets. 

Maximum efficiency is realized when the absolute leaving velocity is a 

V cos a 

minimum or when cos a — 4rco = 0 or when rco = —;-This means 

4 

that such a stage requires only half as high a bucket velocity as is needed 
in a simple impulse stage. 

The change in absolute velocity taking place in the first row of mov¬ 
ing buckets is cos a — [ — (v cos a — 2rw)] = (2v cos a — 2rw). In the 
second row of moving blades is (v cos a — 2rw) — [ — (v cos a — 4rw)] = 

^ ^ 1 ^ . V cos a 

2v cos a — orco. For the condition of maximum efficiency, rco = —-— , 


the change in velocity in the first row of buckets is 2v cos a--— = 

'Iv cos a. In the second row, the change in velocity is 2v cos a — cos a 
= ^ cos a. This means that at this operating condition three-fourths 
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of the total stage work is done in the first row of blades and one-fourth 
in the second row of moving blades. 

Although such a double-velocity stage has the same value of theoreti¬ 
cal maximum efficiency as a simple impulse stage, the higher steam veloc¬ 
ities that are used usually r(\sult in lower values of actual efficiency. In 
spite of this, however, such stages are widely used when a large pressure 
drop in one stage is needed. 

13*4. Reaction Stages. The usual reaction turbine actually utilizes 
both impulse and reaction. As a rule, the stationary and moving blades 



Fig. 13 -3. Double-velocity stage. Fig. 13 -4. Reaction stage. 

are similar and the passages are so designed that there is a pressure drop 
and a velocity increase in each set of blades. 

As indicated in Figure 13 • 4, this means that the entering velocity Vi 
relative to the blades is the same in each set and the relative leaving 
velocity V 2 is common. Consequently the absolute entering velocity for 
the stationary blades is Vi at the angle a and the absolute leaving velocity 
is V 2 at the angle /3. For moving blades the absolute entering velocity is 
V 2 and the absolute leaving velocity is Vi. The change in absolute tan¬ 
gential velocity in the moving blades is 

Av = V 2 cos iS — (vi cos a)] = V 2 cos P + V 2 cos P — ro) 

Av = 2v2 cos ^ — TO) [13-9] 

For a flow of W pounds per second the power delivered to the moving 
blades is 


Power = — Avroi = — rw(2t;2 cos j3 — rw) 
9 9 


[13-10] 
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For a given tangential velocity {v 2 cos ff) this will be a maximum when 

rco = V2COS)3 [13-11] 

which corresponds to an absolute leaving velocity Vi that is normal to the 
wheel. 

The corresponding maximum power delivered to the moving blades is, 
from equation 13 -10, 

W 

Power = — (v 2 cos [13-12] 

9 


Since no power is delivered to the stationary blades, the increase in 
kinetic energy in them corresponds to the thermal energy conversion in 
the converging nozzle-shaped passage. 


W 

Energy converted in stationary blades = — ~ ^i) 

^9 


[13-13] 


However, 

vl = (V 2 sin /3)^ + (V 2 cos 0 — 

vl = — 2v2ro) cos [13-14] 


Thus, energy converted in stationary blades == 


-- [2v2ro} cos P — (ro))^] [13 • 15] 

^9 


For the condition of maximum eflSciency, V 2 cos /3 = ro?, this energy con¬ 
version becomes 


W 

Conversion in stationary blades = 

^9 


[13-16] 


If this is compared with equation 13 -12, it may be seen that it is ex¬ 
actly half of the power delivered to the moving blades. Since the abso¬ 
lute velocity with which the steam leaves the moving blades is the same 
as the absolute velocity with which it comes to the stationary blades, the 
sum of the energy converted into velocity in the stationary and moving 
blades goes to do work on the moving blades. This means that at the 
operating condition of maximum efficiency half of the total conversion 
from thermal energy occurs in the stationary and half in the moving 
blades. 

W 

For this maximum output of — {v 2 cos /3)^ foot-pounds per second the 

corresponding input is greater by the initial kinetic energy delivered to 
the stage. 
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From equation 13 • 14 for the condition of maximum efficiency when rco = 
V 2 cos jS, 

“ ^(^2 COS /3)^ + (V 2 cos = vl — COS [13 • 18] 

The efficiency, which is the ratio of output to input becomes 

W 


Maximum efficiency = 


g 


(V2 COS Py 


w w 

— {V 2 COS pf + — [vl- {V 2 COS 

9 ^ 


Maximum efficiency 


2 (cos /3)^ 

rr(cos"^ 


[13-19] 


[13-20] 


A comparison of equation 13-20 with equation 13-4 indicates that the 
reaction stage is more efficient than an impulse stage with the same noz¬ 
zle angle. The reaction stage entering steam velocity can be only half 
that used in an impulse stage, however, and this has the disadvantage of 
requiring more stages for a given pressure range in a turbine. 

13*6. Turbine Layout. The tangential blade velocities used in 
turbines vary from 300 ft per sec in small turbines to a maximum value 
of 1250 ft per sec in large ones. For such blade velocities the most effi¬ 
cient steam velocities would lie between 600 and 2500 ft per sec in simple 
impulse stages and half that much for reaction wheels. 

From the nozzle equations of Chapter 12, an enthalpy drop of only 

Ah = ■ — 2 or 1.8 Btu per lb of steam would produce a velocity of 

\JiJiO. I ) 

300 ft per sec and a drop of 125 Btu per lb would be required to produce a 
steam velocity of 2500 ft per sec. A reversible or constant entropy ex¬ 
pansion of saturated 100 lb per sq in. steam to atmospheric pressure rep¬ 
resents an enthalpy drop of 143 Btu per lb and a similar expansion of 
1200 lb per sq in., 900 deg F steam to a back pressure of one inch of mer¬ 
cury represents an enthalpy drop of 590 Btu per lb. This illustrates the 
need for dividing turbines into stages to attain maximum efficiency. 

Double-velocity stages or Curtis wheels are commonly used in small 
turbines or as the first stage of a large turbine. If such a stage is used 
with a blade velocity of 600 ft per sec, the steam velocity would be above 
2400 ft per sec. This would represent an enthalpy drop in the nozzles of 


Ah = 


(2400)^ 

(223.7)- 


= 116 Btu per lb 
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This would represent a pressure drop in the nozzles from 1200 lb per sq 
in. and 900 deg F to a pressure of about 475 lb per sq in. Since the steam 
does not enter the casing until it has passed through the first-stage 
nozzles, this would mean that the use of a double-velocity first-stage 
wheel reduces the pressure for which the turbine casing is designed to 
475 lb per sq in. It also would materially reduce the additional number 
of simple stages needed to complete the expansion. 

As the steam expands through a turbine, its volume increases and the 
blade length must be increased to pass the increased volume. The only 

other way of passing a greater volume 
is to increase the nozzle angles and thus 
increase the component of steam veloc¬ 
ity parallel to the turbine axis. Since 
an increased nozzle angle decreases the 
ideal stage efficiency it is preferable to 
increase the blade length, resulting in 
the type of turbine layout illustrated by 
Figure 13-5. 

As the blades become longer, the 
variation in rco along the blades makes 
it necessary to vary the entrance 
angle at different points along both 
moving and stationary blades. With blade lengths limited structurally 
to about 18 in, on 3600-rpm wheels and to about 36 in. on 1800-rpm 
turbines, and tip speeds limited to 1250 ft per sec, the maximum amount 
of steam that can be passed through a turbine is limited by the last-stage 
wheel. 

Although the exact method used to divide a total energy drop into the 
various stages varies with designers and conditions, a reasonably repre¬ 
sentative proportion results if the energy drop is made equal in all 
stages, except when such special arrangements as Curtis double-velocity 
wheels are used. 

13-6. Turbine Losses and Performance. In the foregoing discussion 
of the stage efficiency of turbines, only the leaving velocity loss was con¬ 
sidered, and the turbulence and friction losses always present in nozzles 
and blades were ignored. In a single-stage turbine, these friction losses 
pass out to the exhaust in the form of heat. In a multi-stage turbine, 
the friction and turbulence losses of one stage are available in the form 
of heat for expansion in the next stage. 

Some of these losses occur in the nozzles or stationary blading, and 
some of them take place in the moving blades, but it is usual to consider 
that at the lower pressure in any stage the friction losses of that stage 



Fig. 13-5. Variation of turbine 
blade length. 
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reheat the steam at constant pressure. This is probably best shown on a 
Mollier enthalpy-entropy diagram as shown in Figure 13 • 6 . 

If a three-stage turbine with no losses operates between Pi and P 4 , the 
path of the steam through it would be represented by the constant en¬ 
tropy lin(‘ ahedy the heat converted into work would be ha — ha and the 
cycle efficiency would be 

Cycle efficiency = ^ [13*21] 

ha hfd 

If, however, the losses are considered, 
the pressure drop in the first stage is 
from a to 6 , and then the losses of the 
stage) reheat the steam at constant pres¬ 
sure to V. This pro(*edure is repeated 
in each succeeding stage with the result 
that the actual path of the steam is 
ah'Pd'. The actual heat converted into 
work is ha — hd'^ The thermal efficiency 
of the turbine is 

^ s 

Thermal efficiency — - _ [13*22] Fig. 13 6. Turbine reheat diagram. 

The comparison of the actual turbine and the theoretical cycle gives 

Engine efficiency = ^ -— [13*23] 

ha hd 

The individual stage efficiencies in well-designed turbines are as high 
as 0.83, a Curtis double-velocity stage has an efficiency of 0.71 or 0.72, 
and the excessive moisture in the wet steam of the last stages causes the 
stage efficiency there to drop as low as 0.70.' A first-stage efficiency of 
0.70 in Figure 13 • 6 would mean that the reheat h^ — hb' would be 0.3 of 
the stage heat drop ha — hb- 

Example of Turbine Performance 

A small four-stage, 3600-rpm turbine uses steam at 300 lb per sq in. absolute 
and 600 deg F. It is so designed that the pressure after the double-velocity 
first stage is 50 lb per sq in. absolute, after the next impulse stage the pressure 
is 15 lb per sq in. absolute, after the next 3 lb per sq in., and at the end of the 
last stage it is 1.5 in. of mercury. 
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At the initial steam condition in Figure 13-7 the enthalpy hi ~ 1313.3 Btu 
per lb and the entropy is si = 1.6256. For the constant entropy expansion of 
the ideal turbine to the back pressure Ps = 1.5 of Hg. 


Si = s/6 + a-6 s/g or 1.6256 = 0.1147 + xs 1.8877 

xb = 0.80 hs = 59.72 + 0.80 X 1040.8 = 891.7 Btu per lb 



Fia. 13'7. Mollier diagram solution of turbine problem. 

The ideal heat converted to work is 

hi-h^ 1313.3 - 891.7 = 421.6 


Cycle efficiency = 


hi 


1313.3 - 891.7 


= 0.337 


hi - hff, 1313.3 ~ 59.7 

In a frictionless nozzle of stage one, for a constant entropy expansion to 
Pa = 50 lb per sq in., 


8 i = 8/2 + X 2 Sfg 2 or 1.6256 = 0.4111 + X 2 1.2469 
X 2 = 0.974 h 2 = 249.98 + 0.974 X 923.5 = 1148.8 Btu per lb 
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The energy drop converted into velocity in stage one nozzles = /ii — As = 
1313.3 — 114 8.8 = 164.5 Btu per lb, which means a steam velocity = 
223.7\/l64.5 = 2870 ft per sec. For a nozzle angle of 15 deg, for maximum 
efficiency, v cos a = 4n/’, or the blade velocity rw should be 692 ft per sec, which 
means a correct wheel diameter of 3.66 ft for the Curtis wheel. 

A stage efficiency of 0.7 would mean that 0.7(Ai — A 2 ) or 0.7 X 164.5 — 
115 Btu per lb is converted into work in stage one, and the remaining 
164.5 — 115 = 49.5 Btu goes to reheat the steam at constant pressure from 
2 to 2 '. 

A 2 . = A 2 + 49.5 == 1148.8 + 49.5 = 1198.3 Btu per lb 

The resulting temperature is 330 deg F and the entropy S 2 ^ — 1.69. 

The constant entropy expansion from 2 ' to 3" in the stationary blading of 
stage two results in = 1107 Btu which represents an energy drop 

h 2 > - A 3 - = 1198.3 - 1107 = 91.3 Btu per lb 

A second-stage efficiency of 0.8 means a conversion of 0.8 X 91.3 = 73.0 
Btu per lb into work in stage two, and reheating to 

hy = 1107 + 18.3 = 1125.3 Btu per lb and S 3 ' = 1.719 

Similarly in stage three, the heat converted into work with a stage efficiency 
of 0.8 is (1125.3 - 1021.0) 0.8 = 83.4 Btu per lb and 

hy - 1041.9 Btu per lb and sy - 1.743 

Using a fourth-stage efficiency of 0.7 because of the moisture present, the 
energy converted into work in stage four is (1041.9 — 957.0) 0.7 = 59.4 Btu 
per lb and 

hy = 982.5 Btu per lb sy — 1.79 


and the quality is 0.887. 

In the actual turbine hi — hy — 1313.3 — 982.5 = 330.8 Btu per lb is con¬ 
verted into work. 

. hi — hy 330.8 no A 

Thermal efficiency = --=- = 0.264 

hi — A /6 1253.6 

Engine efficiency == - - 7 - = = 0.785 

Ai - As 421.0 


Since one horsepower = = 2545 Btu per hr, the water rate of 


778 

the turbine should be 

2545 2545 


or 


hi — hy 330.8 , 

7.7 

0.746 


= 7.7 lb steam per hp-hr 
= 10.3 lb per kw-hr 
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CHAPTER 14 


CONDENSERS 

14*1. Condenser Requirements. The expansion of steam to pres¬ 
sures below that of the atmosphere is possible only when it can be dis¬ 
charged into an enclosure and condensed. The importance of maintain¬ 
ing a low back pressure for a turbine exhaust may be emphasized by the 
fact that there Ls approximately as much available energy in the expan¬ 
sion of steam from atmospheric pressure to a back pressure of 1.5 in. of 
mercury as there is in the expansion of 600 deg F 300 lb per sq in. steam 
to atmospheric pressure. 

The lower limit of the pressure that may be maintained in a condenser 
is the saturation pressure (from vapor tables) corresponding to the 
temperature of the cooling medium available. Although air is used as 
a condenser cooling medium in small refrigerators and under special 
conditions in steam plants, water is the cooling medium of chief impor¬ 
tance. Tlie purity and availability of condenser cooling water at hand 
have a very definite influence on power plant design. Where a river or 
other body of water is available the power cost of pumping the cooling 
water through the condenser is the chief item that must be considered 
and a very low back pressure might prove to be economically feasible. 

Where the supply is limited, the cooling water must be reused by 
cooling it by evaporation in an outside spray pond or cooling tower, 
where the heat required to evaporate a part of it is withdrawn from the 
remainder of the cooling water. In such a case it would probably not 
prove feasible to attempt such a very low condenser pressure. The mag¬ 
nitude of the amount of cooling water required may be visualized by 
considering the fact that approximately 1000 Btu must be absorbed by the 
condenser cooling water for each pound of steam condensed. Since it is 
usually impractical to have much more than a 25 deg F temperature rise as 
the cooling water passes through the condenser, it means that as much as 
40 lb of cooling water must be used for each pound of steam condensed. 

Condensation of exhaust steam is accomplished in jet condensers by 
spraying the cooling water directly in contact with the steam. Such con¬ 
densers have the advantage of being compact but their use is prohibited 
when the cooling water is impure and would have to be treated before it 
could be used as feed water for a boiler. The cooling water also contains 
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Exhaust steam in 


Tube header 


Cooling water out 


1 


considerable entrained air that would have to be pumped from the con¬ 
denser, which makes it a bit difficult to maintain a good condenser 
vacuum. 

In surface condensers^ the cooling water flows inside thin-walled metal 
tubes, ^nd the exhaust steam is discharged into the condenser shell 
around the tubes as illustrated by Figure 14.1, The fact that the con¬ 
densed steam and cooling water are not mixed in surface condensers 
makes them much better adapted to impure cooling water, low pres¬ 
sures, and variable load operation. Small surface condensers are 

equipped with a single pump, 
known as a w^^t vacuum pump, 
which removes both the con¬ 
densate and noncondensable 
gases. SiiK^e the condenser op¬ 
erates at sub-atmospheric pres¬ 
sures, air leaks are inevitable 
and this air must be removed if a 
good vacuum is to be main¬ 
tained. This mak(\s air pumps, 
either centrifugal or the steam- 
jet ejector type necessary on large condensers. The presence of air in 
a condenser not only raises the back pressure against which the turbine 
must exhaust, but also retards heat transfer by ^T')lanketing'' the tubes 
in the portions of the condenser that are less actively swept by the 
exhaust steam. 

14*2. Surface Condenser Heat Transfer Rates. In a surface con¬ 
denser the heat from the condensing steam is transmitted by convection 
or film conduction from the steam to the outside tube wall, by conduction 
through the metal of the tube wall and by convection inside tube wall to 
the cooling water flowing through it. 

In Chapter 7 the general equation for the forced convection film con¬ 
ductance U in Btu per hour per square foot per degree Fahrenheit was 
developed as 


_1 

r I 

_^ 

Tube bankv^ 


r 

\ 



Tube bank-^ 

J 1 L Condenser shell ^ J 


tL 


Condensate out 


Cooling water in 


Fig. 14-1. Small surface condenser. 


U = Constant X 


k / vlp^ 

i\T) 


[14.1] 


where k = conductivity of the fluid in Btu per hour per square foot per 
degree Fahrenheit per foot. 

V = fluid velocity in feet per second, 
p = density of fluid in slugs per cubic foot, 
p = fluid viscosity. 

—e = an exponent. 

I == significant dimension of the surface. 
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Since the flow of the water is parallel to the tube wall and condenser 
tubes do not vary wid(‘ly in size, the effect of changes in I may be 
ignored. Since the temperature of cooling water is usually fairly con¬ 
stant, variations of p and p may be neglected, and a large amount of ex¬ 
perimental work has shown that the water film conductance Uw may be 
expressed as 

Vw — 270(2;Btu per hr per sq ft per deg F [14-2] 

if the tube surface area is evaluated on the outside (the usual method) or 
as 

IJ,, - [14-3] 

if the tube surfa(*e area is (waluatcid on the inside. 

Wh('n using a tub(‘ wall thickness of 0.05 in. and a metal conductivity 
of 70 Btu per hr per sq ft per deg per ft the tube conductance 

k 70 

Ut — - -- 16,800 Btu per hr per sq ft per deg F 

X 0.05 

The temperaturcj dr*op between the steam and the outside of the tubes 
is affected by more variables than on the inside. The (extreme variation 
in outside film conductance between (‘lean, new tubes and old, fouled 
tubes was difficult to explain until it was discovered that two tj^pes of 
condensation are possible. When the tubes are clean and bright, the 
condensed steam does not wet the surface because the cohesive forces of 
the molecules cause the water to form in drops that quickly enlarge and 
drop off. When the tubes are corroded or contaminated by a scale or 
film, the adhesive forces cause the water to wet the tube surface and cover 
it with a stagnant layer of water through which heat must pass by con¬ 
duction. 

The net effect is a very high steam film conductance Us when tubes 
are new and clean so that drop condensation occurs and a much reduced 
conductance with contaminated tubes when film condensation takes 
place. This problem is complicated further by the fact that the film of 
oxides and deposit on the tube surfaces when they are dirty offers an 
additional resistance to heat flow. 

The best data now available indicate that if a clean tube is thoroughly 
swept by steam and drop condensation occurs, Us may reach a value of 
3000 Btu per hr per sq ft per deg F, but in condensers where the tubes 
are in banks that arc not all swept by steam and there is considerable 
entrained air to retard heat transfer, a maximum safe value oi Us for 
drop condensation is Us = 1000 Btu per hr per sq ft per deg F is seldom 
exceeded. 
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Under very favorable conditions with contaminated tubes and film 
condensation Us may reach 800 to 1000 Btu per hr per sq ft per deg F, but 
for actual conditions in a badly fouled condenser, Us drops as low as 250. 

In a new condenser with clean tubes, the oxide film and scale conduct¬ 
ance Uf is very large and causes a negligible temperature drop. In a 
badly fouled condenser, U/ may drop as low as 2000 Btu per hr per sq ft 
per deg F. 

When q Btu per hour per square foot is being transferred from steam 
to water, the temperature drop from the steam to the tube is Atg = — • 

U s 

The drop across the film or scale, Atf = ^ ; the temperature drop 

through the tube wall Att = ~ y and the drop between the inside tube 

U t 

surface and the cooling water The total temperature drop 

LJ la 

between steam and water, 


SAi = Ats Atf 4” Att 4“ Atyjo 

or the overall conductance is 

t/ - -i- --!- 

J_ _ 1 _ J_ , J_ 

IJ,'^ Uj'^ Ut 


[14-4] 


Example 


For new tubes and drop condensation, with a water velocity of 7 ft per sec, 


Uu, == 270 X (7)''« 
U, = 

C7/ = 

U.= 


1,280 Btu per hr per sq ft per deg F 

16,800 “ “ “ “ “ “ “ “ “ 

^ It It tt tt tt tl it tt it 

1000 


The overall conductance, 




1 

1000 


1 _ 

1 1 1 
00 16,800 1280 


= 643 Btu per hr per sq ft per deg F 
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For badly fouled tubes and film condensation, using Uf =- 2000, = 250, 

1 

U — ~ j-j— = 187 Btu per hr per sq ft per deg F 

m 2606 16,800 ^ im 

The choice of the proper cooling water velocity to use in any particular 
case is essentially an economic problem. As illustrated by Figure 14-2, 
an increase in this flow velocity results 


in a higher rate of heat transfer but it 

— 


rrz 



— 

also results in an increased pressure loss 

— 

1 



— 

— 

that must be overcome by the circulating 

— 

1 j 


— 

— 

— 

pump. These factors, as well as the |^400 

— 





— 

availability of cooling water, are among 0 ^300 

— 


-j 

— 

— 

— 

the things that influence the final choice 1 1200 

— 

k- 


— 

— 

— 

of cooling water velocity. 

— 



— 

— 

— 

14‘3. Log-Mean Temperature Dif- 0 

] 

1 2 ■ 

i 4 I 

) ( 

> i 

f 8 

ference. The cooling water enters the 

Water Velocity ft per sec 

tubes of a condenser at a low temper- Fig. 14 

• 2 . Condenser heat 

ature and leaves at a somewhat higher 

transfer. 


value, whereas the temperature of the 





condensing steam on the outside of the tubes is essentially constant at 
a value near the saturation temperature corresponding to the condenser 
pressure. Although the overall heat conductance U is very nearly con¬ 
stant throughout the length of the tube, it does not follow that the 
arithmetic average tempcTature difference should be used when calcu¬ 
lating the rate of heat transfer. 


steam temperature (Tq) 



Cooling water velocity 


Fig. 14 • 3. Temperature variation along a condenser tube. 


The theoretically correct temperature difference to be used in any case 
may be established by considering the heat transfer to the condenser 
tube illustrated by Figure 14-3.* The rate at which the fluid in a length 

"'This section uses t for time and consequently to avoid duplication uses the symbol 
of absolute temperature T to represent degrees Fahrenheit. 
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dx of tube receives heat from the condensing steam is U(7rDdx)(To — T) 
and this must be equal to the rate at which it stores heat 

[tD^ , dT 

dxb c — 

[4 dt \ 

where b = cooling medium density. 
c = its specific heat. 
t = time. 


UirDdxiTo - T) = dxS c ? 

4 dt 


[14-5] 


Separating variables to integrate between the limits of Figure 14-3, 


r , Dsc 

dT 

[14-6] 

lo iU. 

Jr, To-T 

D8c , / 

1 1 

[14-7] 

<-^'"8.1 


Integrating, 


which is the length of time the cooling medium must take to flow through 
the tube if it is to be heated from Ti to T 2 . 

If AT is defined as the effective temperature difference causing heat 
transfer, the average rate of transfer to the element of fluid in the length 
of tube dx is U(wDdx)AT. This average rate multiplied by the time t 
involved (from equation 14-7) must give the total heat received by the 
element as it passes through the tube. 


7 -^ 

(UvDdxAT) log, 


( n - rA ^ 
\To - tJ 




dx5c{T2 — Ti) [14-8] 


Solving equation 14 • 8 for the effective temperature difference AT, 

T2-T^ 


AT = 


log, 


( To - TA 

‘\To - T2J 


[14-9] 


Since the temperature of the cooling fluid does not vary linearly along 
the tube, the average temperature difference between the cooling water 

y I yr 

and the condensing steam, Tq -r— is not very accurate. In its 

stead the effective temperature difference from equation 14*9, which is 
known as the log-mean temperature difference should be used in calculating 
the heat transfer to condenser tubes. 
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Example 


The difference between the arithmetic mean temperature difference and the 
log-mean value may be illustrated by considering an example where the cooling 
water enters at 80 deg F and leaves at 110 deg F with a condensing steam tem¬ 
perature of 125 deg F 


Arithmetic mean difference = To 


Ti 4- T2 
2 


125 - 


80 + 110 


30 deg F 


X To-Ti 110-80 

Log-mean difference -- _ ^ =- - — = 27.4 deg F 

log. loe« 125 _ 110 

Although the log-mean temperature difference is theoretically more 
accurate than the simpler arithmetic value, thci fact that overall values 
of conductance (Figure 14-2) must be estimated between wide limits 
caus(^s common use of the simpler but less accurate arithmetic mean. 
Consequently, it is important to determine the basis used in reporting 
any data obtainc^d from thc^ literature of the subject. 

14-4. Condenser Performance. The thermal load on a condenser is 
found as the difference between the enthalpy Ji of the steam entering it 
and the enthalpy of the condcuisate removed by the condenser pump. It 
is rare that the information available gives the exact quality of the steam 
entering the condenser for this would be difficult information to deter¬ 
mine directly by experiment. Usually, it is necessary to subtract from 
the initial enthalpy of the stx^am the known or estimated heat converted 
into work by the turbine or engine. 

To be consistent with the ideal Rankirie cycle, a theoretical condenser 
should deliver the condensate at the saturation temperature correspond¬ 
ing to the condenser pressure. Although this assumption is usually 
made, it is not uncommon for a condenser to undercool the condensate 
to some lower temj)erature. 

When, owing to leaks or other causes, appreciable air and other non¬ 
condensable gases are in a condenser, the total pressure is the sum of the 
partial pressure of the steam and that of tlie gases. Consequently to 
assume the steam temperature to be the saturation value corresponding 
to the total pressure is to overestimate the actual steam temperature 
promoting heat transfer. Conversely, readings of both steam tempera¬ 
ture and total condenser pressure, when checked against a steam table, 
may be used to detect the presence of excessive amounts of air. 

In proportioning a condenser for any application the intelligent choice 
of cooling water velocity and tube diameter requires a careful economic 
study and a wide knowledge of structural requirements. The estimation 
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of a reasonable and safe value of overall conductance U requires both a 
knowledge of the condenser arrangement and some knowledge of prob¬ 
able operating conditions. Once these factors have been established, 
the other items of the condenser design may be calculated as illustrated 
in the following example. 


Example 


Proportion a small condenser for a 50-hp steam turbine that uses 100 lb per 
sq in. absolute pressure saturated steam and has a water rate of 20 lb of steam 
per hp-hr. The cooling water is available at 70 deg F and it is deemed advis¬ 
able to have it leave the condenser 20 deg F cooler than the incoming steam. 
The condenser is to maintain an absolute pressure of 3 in. of mercury and the 
tubes are to be 0.5 outside diameter and 0.4 in. inside. It is estimated that 
the water velocity should be 4 ft per sec and it is considered safe to anticipate 
an overall conductance U of 300 Btu per hr per sq ft per deg F based on out¬ 
side tube area and the arithmetic mean temperature difference. 


Condenser Load 

Since one horsepower-hour = 2545 Btu, a water rate of 20 lb of steam per 

2545 

horsepower-hour means that = 127.2 Btu per lb of steam is converted 

JX) 

into work by the turbine. The initial enthalpy per pound of steam as found from 
the steam tables is 1186.6 Btu which means that the enthalpy of the steam 
entering the condenser is 1186.6 — 127.2 = 1059.4 Btu per lb. For condensate 
leaving at the saturation temperature corresponding to an absolute pressure of 
3 in. of mercury, the leaving enthalpy is 83 Btu per lb. This means that the 
condenser must absorb 1059.4 — 83.0 = 976.4 Btu per lb of steam. For 
50 X 20 = 1000 lb of steam per hour, 1000 X 976.4 = 976,400 Btu per hr 
must be transferred to the cooling water in the condenser. 

Cooling Woier Required 

Since the cooling water enters at 70 deg F and is to leave 20 deg F cooler 
than the steam temperature of 115.1 deg F corresponding to the condenser 
pressure, it leaves at 115.1 — 20 = 95.1 deg F and each pound absorbs 95.1 — 70 

976,400 38,900 

= 25.1 Btu. This means that — r- —- -- == 38,900 lb per hr or • = 625 cu ft 

^5.1 o2.4 

per hr must be circulated. 


Number of Tubes in Parallel 

One tube 0.4 in. in inside diameter with a cooling water velocity of 4 ft 
7 r(0.4)2 X 4 X 3600 

per sec will pass- 4 ' x 1 44 -handle 625 cu ft 

.615 

per hr will require = 49.5 or 50 tubes to be used in parallel. 
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95 1 + 70 

The arithmetic mean temperature difference is 115.1 — —^- = 31.4 

deg F. To transfer 976,400 Btu per hr with a U = 300 would require a sur¬ 


face area of A = 


_ ^ 76,400 

UAt ” 300 X ^ 


= 103.5 sq ft. 


Tube Length 

For an outside tube diameter of 0.5 in., 103.5 sq ft of surface area would 

103.5 

correspond to a total tube length of —— = 790 ft. Using a two-pass con- 

TT.O 

~ 12 ~ 

denser as shown in Figure 14 • 1 with two banks of 50 tubes each, the necessary 
790 

tube length is = 7.9 ft. 

X ou 
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CHAPTER 15 


BOILERS 

16*1. Boiler Development. Early steam boilers were hand-fired and 
the hot gases passed through the tubes. The water surrounded the tubes 
and low-pressure wet steam was generated. As steam pressures in¬ 
creased, water tube boilers of the type illustrated in Figure 15-1 re¬ 



placed the older fire tube boilers, automatic stokers were developed and 
superheaters were added. 

As forced draft was added and furnace temperatures increased, it was 
found advantageous to place an economizer between the last bank of 
boiler tubes and the stack. Passing the incoming boiler feed water 
through the economizer after it leaves the boiler feed pump and before 
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it reaches the boiler reduces the temperature of the produc^ts of combus¬ 
tion leaving the unit and thereby increases the efficiency. With the de¬ 
velopment of feed-water heating by extracting partially expanded steam 
from the prime mover, the demands on economiz(^rs were reduced and 
stack temperatures increased. This resulted in the addition of air pre¬ 



heaters, Figure 15-2, to recover some of this waste by using it to preheat 
the combustion air. 

The use of fuel oil and powdered coal made it necessary to protect the 
firebrick of the furnace walls by lining the inside of the walls with water 
tubes as shown in Figure 15-2. This, plus the addition of forced circu¬ 
lation in boilers to replace natural circulation together with high-velocity 
circulation of the hot gases over the boiler tubes, has increased the rate of 
heat transfer in some units to several hundred thousand Btu per hour per 
square foot of surface as contrasted with several thousand Btu per hour 
per square foot common in older type boilers. 
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16*2. Boiler Heat Transfer. The flame temperature in the furnace 
of a boiler depends upon the type of fuel used, the quantity of combus¬ 
tion air, and the amount of heat that is transferred by radiation to the 
water-cooled furnace walls and to the boiler and superheater tubes 
that receive direct radiation from the flame. In actual furnaces between 
0.30 and 0.50 of the heat released during the combustion of the fuel is 
absorbed by radiation from the flame. The result is that the products 
of combustion leave the combustion space at temperatures between 
1500 and 3000 deg F depending upon the furnace design and the rate of 
combustion. 

The hot gases then pass over the boiler and convection superheater 
tubes where heat is transferred by convection. After that the furnace 
gases lose additional heat to the feed water in the economizer and to the 
combustion air in the air preheater. The products of combustion finally 
leave in the stack at a temperature between 250 and 700 deg F, and it is 
important that the leaving stack gas tc'mperature be kept as low as 
possible if the thermal losses to the stack are to be kept low. 

The rate of heat transfer by radiation from the flame to the exposed 
boiler tube surface may be calculated from the radiation equation, 

0,174.^, [(^) 

where q = Btu per hour per square foot. 

6/ = flame emissivity, 

Cs = surface emissivity. 

Tf = flame temperature. 

Ts — surface temperature. 



The flame emissivity, ej, depends upon the amount of carbon dioxide and 
water vapor present in the flame and upon the flame density and thick¬ 
ness. It varies from 0.25 to 0.95 depending upon conditions, whereas the 
value of es depends upon the shape and condition of the combustion space 
but is usually quite high. The entire subject of flame radiation involves 
many variables and is diflScult to generalize. 

As the hot gases sweep over the banks of boiler and superheater tubes, 
heat is transferred by convection to these surfaces. The gas film con¬ 
ductance varies with the composition, temperature, and velocity of the 
products of combustion, and with the size and arrangement of the tubes. 

The fundamental forced convection equation, 


k fvdpY 

U = Constant X-y~J 


[15-2] 
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U = 


Constant 



[15-3] 


Since the heat conductivity k of gases varies as the product of the spe¬ 
cific heat and viscosity 

k oc iiCjj [15*4] 

Equation 15 • 3 then becomes 


U = 


Constant 


{vpT 


[15-5] 


The viscosity of gases varies as the absolute temperature to some expo¬ 
nent, and for the diatomic gases such as nitrogen, 

M oc [15-6] 

If this is substituted into equation 15 • 5 


U - 


Constant 


{vpT 


[15-7] 


For banks of tubes, the product of velocity times mass density vp is 
best replaced by the mass velocity G which is defined as the pounds of 
gas per second per square foot of net opening between tubes at the most 
restricted point. 

The results of tests made at the usual operating conditions in boilers 
give a value of n = 0.585 and a constant of 2.28. The final convection 
equation is 

riO.585rpO.3l5 

U = - [15-8] 

Using an average value of = 0.18, 

ri0.585rp0.315 

u = 0-41 - ^o:4i— [15-9] 

The absolute temperature T is used as the average film temperature. 
The conductance U is in Btu per hour per square foot per degree Fahren¬ 
heit and d is the outside tube diameter in feet. The mass velocity G 
varies from 0.1 to 10 lb of gas per sec per sq ft of opening, depending on 
the rate of fuel combustion and the boiler design. The resulting film 
conductance varies from 2 to 100 Btu per hr per sq ft per deg F. 

The temperature drop through the steel tube walls is governed by the 
k 

conductance Ut = where k is the conductivity of the tube material = 

X 
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25 Btu per hr per sq ft per deg per ft and x is the tube wall thickness in 
feet. Any scale on the inside of the tube or slag on the outside will reduce 
this value materially. 

The transfer of the heat from the inside of the boiler tubes to the boil¬ 
ing water is affected by many things. If the fluid has a weak tendency 
to wet the inside tube surface, the bubbles of steam that are generated 
form as shown in Figure 15-3. 

The result is that such bubbles are sluggish in disengaging themselves 
from the surface and grow to considerable size before thc^y rise. With a 
large portion of the heating surface thus blanketed with bubbles of super- 



Heatmg Surface Heating Surface 


Heat transfer to boiling water. 

Fig. 15*3. Fig. 15-4. 

heated steam, most of the heat must be transmitted through a steam film 
of low conductance. 

If the liquid wets the surface easily, bubbles of steam form as shown in 
Figure 15-4. They cover a very small area of the surface, are formed 
rapidly, and disengage themselves readily. As a consequence most of 
the heat is transferred from the surface to the liquid instead of to the 
steam as when the large bubbles are formed. Anything that is favorable 
to the formation of the small bubble vaporization results in a higher film 
conductance. A rough surface is favorabk' to the formation of small 
bubbles by furnishing many nuclei for their formation. Entrained air in 
the water has a similar effect for the same rc‘ason. Increased circulation 
velocities and high rates of heat transfer also cause this type of boiling 
and increase the film conductance. For smooth surfaces and no forced 
circulation, the film conductance of boiling water varies directly with the 
rate of heat transfer and may be expressed approximately by 

f/= 200 + 0.043 ^ [1510] 

A 

U = Btu per hour per square foot per degree Fahrenheit. 

“ = heat transfer in Btu per hour per square foot. 

A 

The film conductance for the transfer of heat from the inside of the 
superheater tubes to the superheated steam flowing inside varies in the 
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same manner as shown in equation 15'5. The best experimental results 
for the turbulent flow of vapors in a pipe give (n = 0.8) and since m of 
steam varies as for steam in superheater tubes, 

« ^^ 0 . 8 /^ 0.22 

U = Constant -- ^ - [15*11] 

Since for the range of superheat temperatures, varies but little, 

does not change much for the entire range of tube sizes, and does 
not vary widely in the superheat region, it is sufficiently accurate to 
calculate the steam film conductance from 

f/= [15*12] 

where G varies from about 1 to GO lb per sec per sq ft of tube cross section. 


Example of Boiler Heat Transfer 
Maximum Flame Temperature 

Coal having a heating value of 14,000 Btu per lb is burned with sufficient 
excess air to form 15 lb of products of combustion per pound of coal in a furnace 
where 0.4 of the heat of combustion is lost by radiation during burning. This 
means that O.G X 14,000 = 8400 Btu are available to heat the 15 lb of gases. 

8400 

Using an average Cp = 0.29 for the products, the temperature rise = — ^ - - 

io X u.i^y 

= 1930 deg F, giving a flame temperature of 70 + 1930 = 2000 deg F. 

Heat Transfer by Radiation 

If the radiant heat from the 2000 deg F flame is transferred to a water wall 
in the furnace, the surface of the metal will reach such a temperature that the 
heat received by radiation will be transferred by conduction through the metal 
and by convection to the boiling water in the wall. For a water temperature 
of 400 deg F, it will be estimated that the outside metal temperature is 520 
deg F. For such a tenqierature and 2000 deg F flame temperature, the maxi¬ 
mum rate of heat transfer by radiation from equation 15*1, using e/ = = 1 is 

K 2460V /980V1 

j ~ VToo) J "" 

For such a rate of transfer, the conductance to the water from equation 15 * 10 is 
Uu> = 200 + 0.043 X 62,200 = 28,700 Btu per hr per sq ft per deg F 

.25 

The conductance of the 3^ in. thick metal for a conductivity A; = 25 is 
= Ut Btu per hr per sq ft per deg F 
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The overall conductance, 

U = —-—j- = j— = 522 Btu per sq ft per hr per deg F 

^ 28,700 

It is here interesting to note that the conductance of the metal wall is the govern¬ 
ing factor. 

62,200 

The temperature drop from water to outside metal surface = = 120 

deg F, which checks the assumption made and establishes the rate of heat 
transfer to the radiation surface at 62,200 Btu per hr per sq ft. 


Heat Transfer by Convection to Superheater 
For a mass velocity over the tubes of 0 = 4 lb per sq ft per sec, a tube diam¬ 
eter of 1.5 in. and an estimated mean gas film temperature of 1500 deg F or 
1960 deg absolute, the gas film conductance from equation 15-9 becomes 


U, 


0.41(4)0 585(1900)0 315 



27.3 Btu per hr per sq ft per deg F 


For a tube wall thickness of in., the tube conductance. 




25 

1/48 


1200 Btu per hr per scj ft per deg F 


Assuming a mass velocity of steam G in the tubes of 20 lb per sq ft per sec, 
the steam film conductance from equation 15 12 is 

Ua = 8.0(20)® 88 Btu per hr per sq ft per deg F 

The overall conductance, 

U —- 1 -- ^ -- L -- == 20.5 Btu per sq ft per hr per deg F 

For a gas temperature of 2000 deg F and a superheated steam temperature 
of 600 deg F, the rate of heat transfer, 

q — (tg — ta)U = 20.5 X 1400 = 28,700 Btu per hr per sq ft 


Heat Transfer by Convection to Boiler Tubes 
Assuming the same gas film conductance, TJg = 27.3 as in the superheater 
example and the same tube conductance Ut — 1200, and calculating the boiling 
water film conductance from equation 15-10 for an assumed q = 42,000 Btu 
per hr per sq ft. 

Uw = 200 + 0.043 X 42,000 = 2000 Btu per hr per sq ft per deg F 
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U = ^ 11 ~ I 1 1 ” ^ ^ 

Wi'^lTi^u'u, ^'*’ 1 ^'''^ 

For a gas temperature of 2000 deg F and a steam temperature of 400 deg F, 
the rate of heat transfer to boiler tubes by convection is 

q — 26.3 X (2000 — 400) = 42,000 Btu per hr per sq ft of tube area 

Summary of Rates of Heat Transfer 

Radiation to water wall 62,000 Btu per hr per sq ft 

Convection to superheater 28,700 “ “ “ “ “ “ 

Convection to boiler tubes 42,000 

It is apparent from the number of assumptions involved in the previous 
example that there is much about heat transfer calculations for steam 
generators that requires actual design experience. However, the basic 
principles are quite well understood and the results sought may be very 
simply stated. It is desirable to build a combustion chamber that will 
promote complete burning of the fuel, to transfer as much of the heat as 
is economically feasible from the hot products of combustion to the 
steam, and to have a proper relationship between the heat transferred to 
the water wall, boiler tubes, superheater, economizer, and air preheater. 
It is also very desirable to attain such a balance that the steam pressure 
and temperature will not vary too much under fluctuating load condi¬ 
tions. 

This last point may be illustrated by considering the characteristics of 
radiant and convection superheaters. In a convection superheater the 
outside gas film conductance, which is the chief limitation to heat trans¬ 
fer, does not increase in proportion to the increase in the rate of steam 
flow as the load on the boiler becomes greater. As a result, the final 
steam temperature produced by a convection superheater tends to de¬ 
crease as the load on the boiler is increased. A radiant superheater has a 
reverse tendency because the increased flame temperature that accom¬ 
panies a higher combustion rate tends to increase the rate of heat transfer 
more rapidly than the steam flow inside the superheater tubes is in¬ 
creased. Consequently, it is possible, by using the proper balance 
between convection and radiant superheater surface, to produce a com¬ 
bination that will give an essentially constant superheat temperature for 
varying loads. 

16*3. Boiler Losses. If the portion of the heat released by the com¬ 
bustion of fuel in a steam generator that is usefully transferred to the 
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steam is to be maintained at a maximum value, it is necessary to under¬ 
stand and analyze the various thermal losses that occur. 

The first possibility of loss would be the failure to burn a part of a 
solid fuel and this is usually known as the ashpit loss. In a coal-fired 
boiler this may take the form of unburncd or incompletely burned coal 
that drops to the ashpit. 

The next possibility is that of incomplete combustion of the fuel and 
this is usually reflected by the presence of carbon monoxide in the stack 
gases. 

The most obvious loss is the sensible heat that passes to the stack in 
the hot products of combustion. Another, but l(\ss obvious stack loss is 
represented by the latent heat of vaporization of the water vapor 
present in the stack gas(\s. For convenkuice it is customary to di\dde the 
stack losses into the sensible heat in the dry stack gases and the heat loss 
due to water vapor. 

The losses due to conduction, radiation, and convection from the 
boiler setting cannot be evaluated directly but usually must be deter¬ 
mined by a process of elimination. Once the heat supplu'd by the fuel, 
the heat absorbed by the steam, and the losses previously discussed have 
been evaluated, the difference is referred to as radiation and miscellane¬ 
ous losses. 

Since the principles of combustion have bccui considered previously, 
the evaluation of the various losses can probably be best illustrated by 
following through the calculations for a small hand-fired boiler in which 
the losses are exaggerated. 


Example of Boiler Losses 

Test Data 

Weight analysis of coal as fired: moisture = 0.016; ash = 0.062; H 2 = 0.057; 
O 2 = 0.042; C = 0.823. 

Higher heating value of fuel = 14,300 Btu per lb. 

Ashpit refuse = 0.10 lb per lb of coal fired. 

Dry volumetric analysis of stack gases: CO 2 = 0.10; O 2 == 0.08; CO = 0.01; 
N 2 == 0.81. 

Stack gas temperature = 500 deg F. Boiler-room air = 80 deg F and 50 per 
cent humidity. 

Combiistible Loss to the Ashpit 

If the combustible material that reaches the ashpit comes from incompletely 
burned coal, it is safe to say that the unburned portion is all carbon. For 
such a condition the difference between the refuse per pound of coal and the 
ash per pound of coal, or 0,10 — 0.062 = 0.038 lb gives the pound of unburned 
carbon per pound of coal. This means a loss of 0.038 X 14,150 = 537 Btu per 
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lb which is an efficiency loss of — = 0.0376 for a heating value of 14,300 
Btu per lb of coal. 

If the ashpit refuse contains an appreciable amount of unigriited coal that 
drops through the grate, the unburned part of the fuel contains hydrocarbons, 
and the foregoing assumption cannot be made. In such a case, the best method 
is to determine the actual heating value of the refuse in a bomb calorimeter. 

In the absence of such a calorimeter test, the maximum possible value of the 
ashpit loss may be calculated by assuming that all the combustible in the pit 
comes from coal that drops through the grate without being ignited at all. If 
a fractional part x of each pound of coal is burned completely, 0.062 x pounds 
of pure ash results. The remainder of the 0.10 lb of refuse would be the (1 — x) 
pound of unburned coal, or 


0.1 = 0.062x + (1 — x) or x — 0.96 lb 

This means that 0.04 lb of unbunied coal dropped through the grate for each 
pound of coal used. 

For a heating value of 14,300, this represents a loss of 0.04 X 14,300 == 572 
Btu per lb of coal. This is a lf)ss of 0.04 as compared with a minimum possible 
value of 0.038 previously found, so the difference is very slight. 


Combustible Loss in the Stack Gases 


The only combustible stack loss that is detected by the usual Orsat analysis 
of the products of combustion is that due to the CO content. When volatile 
coal or fuel oil is being burned, a very substantial loss is often caused by uii- 
burned hydrocarbons in the flue gases. The presence of such hydrocarbons can 
be detected only by special methods of analysis and they are often undetected. 

The only combustible loss in the stack gases in this example is due to the 
CO in the dry volumetric stack gas analysis. Since for each mol of CO there 
are 10 mols of CO 2 and since there is the same weight of carbon in a mol of 
CO 2 as in a mol of CO, it follows that one-eleventh of the carbon burned forms 
CO. Since each pound of coal contains 0.823 lb of carbon and 0.038 of C go 
unburned to the ashpit (first assumption), yV (0.823 — 0.038) = 0.0713 lb of 
carbon are burned to CO instead of to CO 2 . This represents a heating value 
loss of 0.0713(14,150 3960) = 726 Btu per lb of coal, or an efficiency loss of 


726 

14,300 


0.051. 


Sensible Heat Loss in the Dry Stack Gases 
In each mol of dry exhaust gases there are 0.10 X 44 == 4.4 lb of CO 2 ; 
0.01 X 28 = 0.28 lb of CO; 0.08 X 32 = 2.56 lb of O 2 ; and 0.81 X 28 = 22.7 
lb of N 2 . There are 12 X 0.10 = 1.2 Ib of C in the CO 2 and 12 X 0.01 - 0.12 
lb of C in the CO. In each pound of coal there are 0.823 lb of C, of which 
(0.823 — 0.038) = 0.785 lb are burned to CO 2 and CO. Since 1.2 -f- 0.12 = 
1.32 lb of carbon must be burned to form a mol of dry exhaust gases, the corre- 
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1.32 

spending pound of coal produces = 1.683 per mol of dry gases. For each 

0.785 

4.4 0.28 

pound of coal used, " “ = 2.61 lb of CO 2 are formed, = 0.167 lb of CO; 
1.683 l.o83 


2.56 22.7 

= 1.522 lb of free O 2 ; and -7- - = 13.48 lb of N 2 . 

l.OoO l.Doo 

The heat lost in the dry exhaust gases is the amount that would be recovered 
if the gases were cooled at constant pressure from the stack temperature of 
500 deg F to the boiler-room temperature of 80 deg F. Using average values 
of Cp to evaluate these losses. 


Loss in CO 2 = 2.61 X 0.22(500 - 80) = 241.0 

Loss in CO = 0.167 X 0.25(500 - 80) = 17.5 

Loss in O 2 = 1.522 X 0.219(500 - 80) = 140.0 

Loss in N 2 = 13.48 X 0.25(500 - 80) = 1415.0 

Total loss per pound of coal fired = 1813.5 Btu 


This represents an efficiency loss of 


1813.5 

14,300 


in the drystack gases. 


0.127 caused by the sensible heat 


Water Vapor Losses in Stack Gases 

The water vapor in the stack comes from the vapor in the combustion airj 
from the moisture content of coal, from the water of crystallization of the coal 
and from the combustion of the hydrogen of the hydrocarbons of the coal. 
The moisture in the combustion air enters as vapor and needs only to be super¬ 
heated, but the moisture from the water of crystallization, from the mechani¬ 
cally contained moisture, and from the combustion of the hydrogen must not 
only be superheated but also be furnished with the latent heat of vaporization. 

Since 13.48 lb of N 2 is involved in the combustion of each pound of coal, 


13.48 

0.77 


17.5 lb of dry air is used for each pound of coal fired. Since one pound 


of dry air at 80 deg F and 50 per cent humidity is accompanied by 0.0112 lb 
of moisture, the 17.5 lb of dry combustion air is accompanied by 0.195 lb of 
water vapor. The moisture in each pound of coal is 0.016 lb and the moisture 
corresponding to the hydrogen content is 9 X 0.057 = 0.513 lb. This means 
that the water vapor loss per pound of coal is the sum of the latent heat of 
vaporization of 0.529 lb of moisture and the heat required to superheat 
0.529 + 0.195 == 0.724 lb of moisture from 80 deg F to 500 deg F. Thus, the 
approximate water vapor loss per pound of coal may be calculated by using 
Cp ~ 0.44 and h/g = 1040 Btu per \b. 


Moisture loss = 0.724 X 0.44 X 420 + 1040 X 0.529. 
Moisture loss = 683 Btu per lb. 


This represents an efficiency loss of 


683 

14,300 


0.048. 
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Summary of Boiler Losses 

Combustible to ashpit 0.038 

Incomplete combustion 0.051 

Sensible heat to stack gases 0.127 

Moisture loss to stack gas 0.048 

Total losses 0.264 

This represents a b{)iler heat transfer efficiency of 0.74 which would probably 
be reduced to 0.70 by radiation. These results are representative of a small 
hand-fired boiler and it should be remembered that in large boilers the effi¬ 
ciency may be as high as 0.88. 

15*4. Boiler Performance. The rating or output of a boiler is 
dependent upon the capacity of the furnace for burning fuel and releas¬ 
ing heat and upon the amount and effectiveness of the active heat trans¬ 
fer surface. The size and shape of the combustion space and the com¬ 
bustion rate vary widely. The highest rates of combustion are obtained 
with oil and powdered-coal firing and the lowest with coal burned on 
grates. The combustion rate for stoker furnaces varies from 6 to 40 lb of 
coal per hr per sq ft of grate area, depending upon the type of coal used 
and the draft available. 

If perfect mixing could be realized in a furnace, only the air theoreti¬ 
cally required for complete combustion would need to be supplied. In 
actual boilers with imperfect mixing of the air, the stack losses are a 
minimum when between 0.30 and 0.60 of excess air is supplied. When 
the excess air is too low, the stack losses caused by incomplete combus¬ 
tion increase, and if too much air is supplied, the stack losses due to the 
heat carried away in the products of combustion is increased. 

The usual method of stating the capacity of steam-generating units is 
to state the rate of heat absorption in Btu per hour or in pounds of steam 
evaporated per hour. The first method is the more concise. The mean¬ 
ing of the second method of stating the pounds of steam evaporated per 
hour is dependent upon the steam pressure and temperature and the 
feed-water temperature and is consequently not an exact method of giv¬ 
ing the rating of a unit. 

There are several older methods of rating boilers that are now obsolete. 
Years ago a boiler horsepower was represented by 10 sq ft of heat- 
absorbing area. Later, a boiler horsepower was defined as the evapora¬ 
tion of 30 lb of steam at 70 lb per sq in. with 100 deg F feed water. Later, 
this was changed to its equivalent of evaporating 34.5 lb of steam per hr 
from and at 212 deg F. This unit was used because it represented the 
pounds of steam necessary to develop a horsepower in the engines used 
then. The normal rating was assumed to be developed when 34.5 lb of 
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steam was evaporated from and at 212 deg F for each 10 sq ft of heating 
surface. With modern improvements in furnaces and boilcTs, ratings of 
several times ^^normab^ are obtained on this basis, and this has caused it 
to be replaced by a more rational method of rating. 

The efficiency of a steam-generating unit is the ratio of the heat ab¬ 
sorbed by the water and steam passing through it, divided by the heat 
supplied in the fuel burned in the same time. If the total steam output 
of the boiler is used, the result is the gro.^s efficiency. In plants that have 
many boiler accessories such as draft fans, coal-handling equipment, 
boiler-feed pumps, and ash-handling equipment, it is often desirable to 
find the net efficiency. When this is desired it is necessary to subtract the 
net amount of heat delivered to the auxiliaries from the output of the 
boiler. 

Suggested Reading 

Steam-Generating Units 

Gaffert, Steam Power Stations. Chapter VIII. 

Barnard, Ellenwood, and Hirshfeld, Heat Power Engineering. Part II, 
Chapter XXX. 

Steam Power Boilers 

Craig and Anderson, Steam Power ami Internal Combustion Engines. Chapter IV. 
Heating Boilers 

Severns, Heating^ Ventilating, and Air Conditioning Fundamentah. Chapter VII. 



CHAPTER 16 


POWER PLANT CYCLES 


16»1. Steam Plant Cycles. The simpl(‘.st possible steam power plant 
consists only of a boiler and engine with a simple feed pump for forcing 
water into the boiler. The amount of additional (equipment that is added 
in any case is usually determined by ergonomic considerations. The 
gain in efficiency and the accompanying reduction in the fuel cost of pro- 
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ducing power must be great enough to justify the equipment investment. 
This results in a great variety of steam plant layouts but at the present 
time the majority of installations involve at least the minimum elements 
shown schematically in Figure 16-1. Large central stations often have 
several stages of feed-water heating for which steam is extracted from the 
turbine at as many points. 

The theoretical analysis of the various cycles ignores such important 
items as pressure drop in piping and superheater tubes and heat losses 
from piping and equipment. Such analyses are very useful, however, as 
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standards of comparison and as means of understanding the principles 
involved. 

16*2. The Rankine Power Plant Cycle. The Rankine plant cycle, 
shown on the h-s diagram of Figure 16*2 differs from the Rankine 
engine cycle of article 11-5 only in that it considers the boiler-feed work. 
As in the engine cycle the theoretical output of the prime mover is 



Fig. 16 -2. Rankine power plant cycle. 


hi — h 2 and the heat discharged to the condenser is ^2 ~ A 3 == ^2 f^f 2 - 

The total boiler-feed work is, 

Boiler-feed work = ^ ^ ^ ^ 7/2 Btu per lb [16*1] 

u 


The use of the volume of liquid pumped as 7/2 is very slightly in error, 
as strictly, the specific volume actually changes slightly with increased 
pressure. 

The Rankine power plant cycle input is (hi — A/ 2 ) — boiler-feed work, 
since the enthalpy increase in the feed pump does not have to be supplied 
in the thermal input to the boiler. The net output of the plant is 
(Ai — A 2 ) — boiler-feed work, since the prime mover must furnish the 
mechanical power to drive the feed pumps. Thus, 


Rankine plant cycle efficiency 


.. ,. (Pi - P2) „ 

(hi — A 2 )- - 7/2 

n J \ (-^1 ” ^2) jr 

(hi - A/ 2 )-=-7/2 


[16*2] 


Since the liquid volume 7/2 is approximately 0.018 cu ft per lb, the boiler- 
feed work will not amount to 1 Btu per lb until 


- Vf 2 =1 or Pi-P 2 


1 X 778 
144 X 0.018 


300 lb per sq in. 


Since this term is so small it is very commonly ignored in the calculation 
of the Rankine plant cycle efficiency, except for very high pressures. 
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Increasing cither the initial superheat temperature or boiler pressure 
increases the efficiency of a Rankine cycle. The maximum steam tem¬ 
perature is limited by the safe working temperature for available metals 
and this limit is now about 1000 deg ¥ but it has been rising steadily with 
the improvement in the physical properties of metals at high tempera¬ 
tures. 

As the steam pressures are raised, either the tube and drum-wall thick¬ 
ness must be increased or stronger metals developed, which means that 
increases in working pressures are dependent upon metallurgical develop¬ 
ments, but not quite to the same extent as are steam temperatures. 
Pressures of 1200 and 1400 lb per sq in. have been safely and economically 
used for several yt^ars. 

An idea of the increase in ideal efficiency that may be realized from an 
increase in temperature may be had from the fact that increasing the 
steam temperature of a 350 lb per sq in. plant from the saturation tem¬ 
perature of 430 deg F to a temperature of 900 deg F, raises the ideal cycle 
from 0.31 to 0.35. Since an increase in initial temperature will reduce the 
moisture content of the steam in the last stages of the turbine, the actual 
efficiency increase is usually greater than the ideal value. 

If, on the other hand, the pressure of 900 deg F steam is raised from 
350 to 1400 lb per sq in., the ideal efficiency of the plant is raised from 
0.35 to 0.41. 

16*3. Regenerative or Extraction Cycles. The greatest single energy 
loss in the Rankine steam plant cycle is the latent heat of vaporization 
of the exhaust steam that is transferred 
to the cooling water in the condenser. 

The regenerative or steam extraction cycle 
refers to the idea of extracting portions 
of the steam at various pressures as it ^ 
expands through the turbine and mix¬ 
ing it with the feed water from the con¬ 
denser to heat the feed water before it ^ 

enters the boiler. A single extraction f , q . 16.3. Extraction cycle, 
cycle is shown in Figure 16-3, 

In this ideal regenerative cycle with one extraction stage, a pound of 
steam enters the turbine at condition 1. After it has expanded to some 
pressure P 2 > a fractional part y is extracted for heating feed water and 
the remaining 1 — 2 / pounds continues to expand in the turbine to the 
condenser pressure P 3 . The (1 — y) pounds of steam that passes com¬ 
pletely through the turbine and is condensed at the saturation tempera¬ 
ture corresponding to P 3 is pumped by a feed pump from the pressure 
P 3 to P 2 where it is mixed with the y pounds of steam bled from the 
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turbine at pressure P 2 . If just enough steam is bled to heat the I — y 
pounds of condensate from 3' to 2', 

yih “ hfo) = (1 ~ y){hf 2 - A/s) [16-3] 


The ideal cycle output per pound of steam, neglecting boiler-feed pump 
work is 

Cycle output = Ai — A 2 + (1 — y){h 2 — A 3 ) [16-4] 

Cycle input = Ai — A /2 [16-5] 

Extraction cycle efficiency = ^ - -- - — [16-6] 

hi — hj2 

The number of points at which it proves economical to bleed steam 
from the turbine to heat feed wat(‘r varies widely with conditions. 
Most standard turbines in the larger sizes are equipped for steam extrac¬ 
tion for feed-water heating at three points, and some plants have been 
constructed with four stages of heating. As indicated by Figure 16-1, 
such a feed-water heater must be preceded by a f(H‘d pump which raises 
the pressure above the saturation value corresponding to the tempera¬ 
ture of the feed water leaving the heater, for otherwise vaporization 
would occur. 

16*4. Reheat Cycles. Excessive moisture in the last stages of a 
turbine causes serious efficiency losses and blade erosion. To reduce this 

trouble, the steam is sometimes ex¬ 
tracted from the turbine after it has 
expanded part way through and re¬ 
superheated before continuing the ex¬ 
pansion in the turbine. Such a reheat 
cycle has approximately the same ideal 
efficiency as the straight Rankine cycle, 
so any increase in turbine efficiency 
that results from the reduction in mois¬ 
ture is a net gain. 

This ideal cycle is shown in Figure 16*4 where the steam is expanded 
from 1 to 2 in the turbine, then is extracted and reheated to the initial 
temperature at the extraction pressure ^ 2 - The actual temperature to 
which the steam is ever reheated is dependent upon conditions, but it 
should be high enough to avoid appreciable moisture content in the last 
stage of the turbine. 

After reheating to 2 ', the steam is returned to the turbine and the 
expansion continued to the condenser pressure P 3 . The output, neg¬ 
lecting boiler-feed work is 



Fig. 16 -4. Reheat cycle. 
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Cycle output = (hi - A2) + (/12' - h) [16-7] 

Cycle input = (hi - h/3) + (h^' - hz) [16-8] 

Reheat cycle efficiency = ~ - ^2) + fe- -W g, 

(hi — hf^) + (/i2' — A 2 ) 

The reheat cycle is not used as widely as the extraction cycle because 
it usually involves a large expenditure for equipment. Also, the volume 
of the steam is very great at the reheat pressure and it is difficult to re¬ 
turn it to the reheat coils in the steam generator without incurring 
excessive pressure losses. 

Example of Rankine Plant Cycle 

The effects of the modifications of the Rankine plant cycle may be illustrated 
by calculations for an initial steam condition of 350 lb per sq in. and 600 deg F 
with a condenser pressure of 2 in. of mercury. 

hi = 1309.4 Btu per lb si = 1.6059 

For an ideal reversible expansion, 

Si = §2 — 5/2 “h X2S/g2 ~ 1.6059 = 0.1316 -}- ^2 1.8468 

X 2 = 0.80 ^2 = ^/2 "h X2hfg2 = 69.10 + 0.8 X 1035.7 

h 2 = 898.1 Btu per lb hj 2 = 69.1 Btu per lb 

^ 1 ^ . hi-h2 1309.4 - 898.1 ^ _ 

Rankine cycle efficiency = ■;- 7 — = -- = 0.332 

- hj2 1309.4 - 69.1 


Example of Extraction Cycle 


For the same initial and final conditions, an extraction cycle uses an extrac¬ 
tion point at P 2 = 100 lb per sq in. (Figure 16 -3). For the expansion 1 to 2, 
Si - S2 = 1.6059. 

From the superheated tables, h = 333 deg F and h 2 = 1190.7 and hf 2 = 
298.33 Btu per lb. To find the fraction y of the steam that must be extracted 
for feed-water heating, 

y(h2 - M = (1 y)(hf2 - hf2;) 

2/(1190.7 - 298.33) = (1 - 2 /) (298.33 - 69.1) y = 0.204 


Efficiency = 


(hi — ^ 2 ) + (1 — y)(h2 — ^ 3 ) 


hi — hj2 


Efficiency = 


(1309.4 - 1190.7) + 0.796(1190.7 - 898.1) 
1309.4 - 298.33 


= 0.346 
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Example of Reheat Cycle 

For the same conditions and reheating at 100 lb per sq in. absolute to the 
initial temperature of 600 deg F (Figure 16 4), a reheat cycle has 

hi = 1309.4 h = 1190.7 /i2' = 1327.9 

= 1.7569 = S3 = 0.1316 + 1.8468 zs = 0.88 

h = 60.1 + 0.88 X 1035.7 = 981.1 


Efficiency = 


{hi — hi) + (h2' hs) 
{hi — hfz) -f {h2' — h^ 


Efficiency == 


(1309.4 - 1190.7) + (1327.9 - 981.1) 
(1309.4 - 69.1) + (1327.9 - 1190.7) 


= 0.337 


This ideal reheat cycle has essentially the same efficiency as the regular Rankine 
cycle and accomplishes a reduction in final moisture content from 0 20 to 0.12, 
which would result in an increased turbine efficiency in the last stages. 


16*6. Binary Vapor Cycles. The binary cycle is made up of a regular 
Rankine cycle using a medium wliich condenses at high enough tem¬ 



perature that its condenser may act as a steam boiler to operate a regular 
steam cycle ‘‘under it.” It may thus be considered as a steam producer 
which, for a given amount of fuel, produces almost as much steam as in a 
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regular steam cycle, and has as a by-product the additional power pro¬ 
duced by the second vapor. 

The requirements for the characteristics of the second vapor are so 
exacting that to date mercury-vapor-steam plants similar to the one 
illustrated by Figure 16 • 5 are the only binary vapor plants in commercial 
use. 

A typical mercury-vapor plant would be one in which the mercury 
vapor leaves for th(^ turbine at 140 lb per sq in. absolute and 958 deg F 
and leaves the turbine at 1.6 lb per sq in. absolute and 489.6 deg F. 
Saturated steam leaves the mercury condenser-steam boiler unit at 425 
lb per sq in. and 450 deg F to go to the steam superheater in the furnace. 
Steam at 425 lb per sq in. and 760 deg F goes to the steam turbine and 
leaves the turbine for the steam condenser at a pressure of one inch of 
mercury absolute. 


Example of Mercury-Vapor-Steam Cycle 

From the h~s diagram for the mercury portion of the previously described 
cycle, shown in Figure 16 *6, the mercury vapor leaves the ideal mercury 


turbine at 2 with an enthalpy h 2 = 



107.60. It leaves the mercury con¬ 



ey cle. 


Fig. 16-7. 


denser-steam boiler with the enthalpy of liquid hf 2 = 17.07 Btu per lb. The 
feed water enters the condenser-boiler with the heat of liquid shown by the 
steam cycle, Figure 16-7, as /i/6 = 47.05 Btu per lb and it leaves for the steam 
superheater in the furnace with the enthalpy of saturated steam, 

hi = 1204.6 Btu per lb 


The result is that for each pound of mercury passing around the cycle there 
circulates 


^2 — hf2 
hi — ^/6 


107.6 - 17.07 

1204.6 - 47.05 


0.0775 lb of steam 
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The combined output of the two ideal turbines per pound of mercury is 


Output = l(/ii — ^ 2 ) + 0.0775(^3 — ^6)- 

Output = (150.47 - 107.6) + 0.0775(1393.9 - 902.0). 

Output = 42.87 + 38.1 = 80.97 Btu. 

The input to the mercury is (hi — / 1 / 2 ) = 150.47 — 17.07 = 133.4 Btu and the 
input to superheat the steam is 0.0775(/i3 — h) = 0.0775(1393.9 — 1204.6) = 
14.7 Btu. For the total input per pound of mercury of 133.4 + 14.7 = 148.1 
Btu, the ideal binary cycle efficiency is 


as compared with a value of 0.346 found in the extraction steam cycle example. 


Suggested Reading 

Steam Power Plants 

Barnard, Ellenwood, and Hirshfeld, Heat Power Engineering. Part II, 
Chapter XLIX. 

Analysis of Cycles 

Emswiler, Thermodynamics. Chapter IX. 

High-Pressure and Binary Vapor Cycle Boilers 
Gaffert, Steam Power Stations. Chapter IX. 

Choice of Cycles 

Gaffert, Steam Power Stations. Chapter XXL 
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REFRIGERATION 


17*1. Mechanical Refrigeration. The purpose of a mechanical 
refrigeration system is to absorb heat at a low temperature and discharge 
it at a higher temperature. Since the unaided exchange of heat is always 
in a reverse direction, the equipment illustrated by Figure 17-1, or its 
equivalent, is required to transport heat from a lower to a higher tem¬ 
perature. 

In such a system high-pressure liquid expands through the throttling 
valve into the evaporator where it absorbs its latent heat of vaporization 
at a low temperature correspond¬ 


ing to the pressure maintained 
there. This low-pressure vapor 
then passes to the compressor 
where tts pressure is raised to a 
value that has a saturation tem¬ 
perature corresponding lo that of 
the condenser cooling medium to 
which the heat must be delivered. 
After the latent heat of vaporiza- 


High-pressure vapor 


Low-pressure vapor p- 


Evaporator 



High-pressure 
Liquid 

Fia. 17 • 1. Mechanical refrigeration cycle. 


lion is transferred to the condenser cooling medium, the high-pressure 
liquid passes to the accumulator which equalizes the flow in the system 
and from which it passes again to the expansion valve. 

In this way heat is absorbed to vaporize a liquid at a low temperature, 
compression work is done on the vapor in a compressor, and an amount 
of heat equal to that absorbed plus the compression work done is dis¬ 
charged to the condenser at a higher temperature in the condenser. 

The rate at which heat is removed from the region of low temperature 
is the measure of capacity of a refrigerator. This may be expressed in 
Btu per minute or second, but the ratings of commercial machines are 
usually expressed in tons of refrigeration, A ton of refrigeration repre¬ 
sents the removal in twenty-four hours of the heat equivalent of melting 
2000 lb of ice. Since the latent heat of fusion of ice is 143.3 Btu per lb, a 
ton of refrigeration in twenty-four hours would mean the removal of heat 
at the rate of approximately 200 Btu per minute. 

205 



206 


REFRIGERATION 


[Chap. 17 


17*2. Refrigerants. The properties sought in a refrigerant are low 
working pressures, freedom from corrosive action and deterioration of 
lubricants, stability, nontoxic and noninflammable vapors, and low cost. 
The latent heat of the vapor should be large and the volume of the vapor 
should be small to keep down the compressor displacement. 

Carbon dioxide, CO 2 , is harmless but must be operated between 400 
and 1400 lb per sq in. pressure. Sulphur dioxide operates between 10 and 
70 lb per sq in. and its chief disadvantage is its corrosive action in the 
presence of any water in the system. Ammonia, NH 3 , may be operated 
between 30 and 180 lb per sq in. and has long been a widely used refriger¬ 
ant. Methyl chloride, CH 3 CI, CCI2F2, commonly known as ^Treon^^ or 
‘T- 12 ,^’ ethyl chloride, C 2 H 5 CI, and many others are used commercially. 

Water vapor can be used satisfactorily when the lower temperature 
need not go below 40 deg F, but it has the disadvantage of operating at 
extremely low pressures, which means that large volumes of vapor must 
be handled. Such a refrigerator operating between 40 and 100 deg F 
would have a low pressure of 0.1217 lb per sq in. and an upper pressure 
of 0.9487 lb per sq in. Since the pressures are low and the volume of 
water vapor at the lower pressure is 2445 cu ft per lb, centrifugal com¬ 
pressors are commonly used. To maintain such pressures very tight 
condensers and equipment are necessary to prevent air leaks. 

17'3. Vapor Compression Cycles. In the vapor refrigeration cycle 
shown by Figure 17 • 2 the lower pressure Pi is the saturation value cor- 

responding to the temperature of the 
evaporator, and the upper pressure 
2 ^^ompression is determined by the temperature 
which the condenser operates. The 
^ condition of the refrigerant as it leaves 

evaporator and enters the com- 
pressor may vary from dry vapor 1' to 

— _ vapor of such low quality 1 that it is 

„ i.. 1 dry, saturated vapor at the end of the 

Fig. 17-2. Vapor refrigeration cycle. ' , , . - ^ 

constant entropy compression, 1~2. 

The path l'~2' is referred to as a dry compression cycle and 1-2 as a wet 

compression cycle. 

The heat absorbed in the evaporator is shown as — ^4 or hy — h 4 , 
and since 3“-4 is a pure throttling process, hz ^ A/2* The ideal 
compression work is A2 Ai done at constant entropy. The heat dis¬ 
charged to the condenser is A2 -- A3 or A2 — A/2, and this must be the 
sum of heat absorbed in the evaporator and the compression work done. 

The heat absorbed in the evaporator hi — A/2 is known as the refriger¬ 
ation effect and the ratio of the refrigeration effect to the compression 


Compression 


Fig. 17-2. Vapor refrigeration cycle. 
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work done is known as the coefficient of performance. Thus for one 
pound of refrigerant, 

Refrigeration effect hi — = hi — h /2 [17 1] 

Compression work = h 2 — hi [17*2] 

Coefficient of performance jS = 7 ^-^ [17*3] 

^2 — hi 


Since the coefficient of performance fi is the ratio of refrigeration effect 
to the work done, one ton of refrigeration or the removal of 200 Btu per 
minute would require an ideal mechanical input of 


Ideal input horsepower per ion 


200 J 


33,000 


[17-4] 


For the refrigeration effect of hi — A /2 per lb, a ton of refrigeration would 

require the circulation of ■;—— lb per minute, and the size of the 

hi - A/2 

compressor needed would be established by the fact that at the suction 
of the compressor, one pound of refrigerant has a volume of Fi or 
cubic feet, depending on the cycle used. 

Since the dry compression cycle extends into the superheat region, 
heat is not extracted at constant temperature in the condenser as it is in 
the wet compression cycle. This causes the wet compression cycle to be 
slightly more efficient than dry compression, but since actual compres¬ 
sors give better performance when no liquid is present, the dry compres¬ 
sion cycle is most used. 

The properties of refrigerants are often shown on pressure-enthalpy 
P~A diagrams similar to the one illustrated by Figure 17*3. The dry 
compression cycle shown for F-12 indicates the use of such a chart. 


Example of Dry Compression Cycle Using Freon 

The cycle shown on Figure 17-3 is for an evaporator temperature of 20 deg 
F and pressure of 36 lb per sq in. and a condenser pressure of 151 lb per sq in. 
and a corresponding saturation temperature of 110 deg F. The refrigeration 
effect per pound hv — hi = 80.5—33.7 == 46.8 Btu per lb and the compression 
work per pound, A 2 ' — hv = 91.8 — 80.5 = 11.3 Btu per lb. This corresponds 

46,8 

to a performance coefficient of -—z = 4.15, and an ideal horsepower per ton of 

11.0 

200 778 

_ Y - = 11 ^ 

4.15 33,000 
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For each ton of refrigeration, = 4.27 lb per minute of freon must be circu¬ 
lated, and since the specific volume of saturated vapor at the compressor intake 
condition 1 is 1.14 cu ft per lb, the compressor must handle 4.27 X 1.14 = 
4.88 cu ?t of vapor per minute. 


fi=0.17 0.18 0.19 0.20 



Fig. 17 -3. P-h diagram for Freon refrigeration cycle. 

Example of Wet Compression Cycle Using Ammonia ^ 

For a wet compression ammonia cycle (Figure 17 -2) operating between the 
temperature range of the previous example the evaporator pressure would be 
48.21 lb per sq in. absolute and the condenser pressure would be 247.0 lb per 
sq in. 

82 = 1.1566 8/1 = 0.1437 8/^1 = 1.1532 

81 = 82 1.1566 = 0.1437 + a:i 1.1532 
X \ = 0.878 

hi = 64.7 + 0.878 X 553.1 = 550.7 Btu per lb 
Fi = 0.878 X 5.910 = 5.20 cu ft per lb 
^2 = 633.7 and h/i = 167.0 Btu per lb 


since 
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Refrigeration per pound = hi — h/^ = 550.7 - 167.0 = 383.7 Btu per lb. 
Ideal compression work = h 2 — h = 633.7 — 550.7 = 83.0 Btu per lb. 


Performance coefficient = 


383.7 

83.0 


4.62. 


_ _ 200 778 

Ideal horsepower per ton = X == 1.02. 

4.0.6 oOjUUU 


For each ton of n;frigeration, --— = 7 - = 0.522 lb T)er minute of 

hi — hf2 383.7 

ammonia must be handled. For a specific volume Vi = 5.20 cu ft per lb, the 
ideal compressor would have to handle 5.20 X 0.522 = 2.72 cu ft per minute of 
vapor. 


17-4. Refrigeration Applications. The effect of the losses that occur 
in an actual compressor but are not considered in the ideal cycle is to 
increase the amount of compression work that is required to produce a 
given refrigeration (effect. For example, if the actual compressor of a 
refrigeration unit is only half as efficuuit as the idcial cycle and the ideal 
coefficient of performanc(‘s is 4, the compression work is /4 or 3^ Btu 
per Btu of refrigeration. In th(^ ideal cycle, one Btu of refrigeration re¬ 
quires 34 compression work and 13^4 Btu is discharged to the con¬ 

denser. In the actual unit, 3^ Btu of work is done and 13^ Btu is dis¬ 
charged to the condenser. 

In actual refrigerators the evaporator temperature must be somewhat 
lower than that of the space being cooled in order to obtain a rapid rate 
of heat transfer. For the same reason the condenser temperature must 
be somewhat higher than that of the condenser cooling medium and both 
of these factors reduce the coefficient of performance. 

Although nffrigerators are designed for the purpose of cooling, theo¬ 
retically at least, a reversed refrigerator could be an efficient method of 
heating a building. This could be accomplished by placing the evapora¬ 
tor out-of-doors and the compressor and condenser in the space to be 
heated. Heat would be absorbed by the evaporating refrigerant in the 
evaporator at an outside temperature of perhaps 20 deg F. After the 
compression, heat could then be given up to the space being heated by 
the condenser, operating at 70 or 80 deg F. 

For a coefficient of performance of, say, 6.0, and a compressor effi¬ 


ciency of 0.75, one Btu from the low temperature outside. 


V6 

0.75 


0.222 


Btu of compression work, could deliver 1.222 Btu inside. 

There are a large number of special applications of refrigeration prin¬ 
ciples including the ^ffiash freezing^^ of ice. If the evaporator pressure 
in a water-vapor refrigerator is reduced to 0.08854 lb per sq in., which is 
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the saturation pressure corresponding to 32 deg F, part of the entering 
water will evaporate and obtain its heat of vaporization by freezing the 
remaining part. This “flash freezing'^ results in a snow ice that is useful 
in refrigeration. If of each pound of water that enters with an enthalpy 
hfiy the portion z that evaporates at 32 deg F will cool all the water to 
32 deg F and freeze 1 — z pounds of it. For a latent heat of fusion of 
143.3 Btu per lb it is possible to calculate the part z that must evaporate 
to freeze what remains. 

In the past the ammonia absorption system was widely used, but with 
the development of mechanical refrigeration its use has become more 
limited. Water is capable of absorbing large quantities of ammonia 
vapor, and will absorb more at a low temperature than at a high one. 
In the absorption refrigerator, the ammonia from the refrigerator or ex¬ 
pansion coils is absorbed by water in the externally cooled absorber tank. 
This strong solution is pumped into a genc^rator tank where heat is ap¬ 
plied and ammonia vapor is driven off and the weak solution returns by 
gravity to the absorber tank to be cooled. 

The ammonia vapor that is driven off passes through a cooler or con¬ 
denser where it is liquefied. This higher-pressure liquid ammonia passes 
through an expansion valve and is vaporized in the expansion or refriger¬ 
ator coil, and then passes to the absorber tank to start another cycle. 

17*6. Steam Jet-Water Vapor Refrigeration. When water vapor is 
used as a refrigerant, the large volume of vapor that must be handled 
prohibits the use of reciprocating-piston type compressors and for this 
application, centrifugal compressors are commonly used. Since cen¬ 
trifugal compressors are less efficient than reciprocating macliines they 
are often replaced by steam-jet pumps such as shown in Figure 17 • 4. The 
latent heat required for the evaporation in the evaporator is furnished by 
the water in the evaporator and this cools it. The low-pressure vapor 
is picked up by the steam-jet pump, and as the velocity of the vapor is 
reduced in the booster, the pressure increases to that in the condenser. 
The condenser pressure is determined by the temperature of the cooling 
water available. An auxiliary jet pump (not shown) is necessary to 
remove the air that enters the condenser by leakage and is brought in 
by the warmed water entering the evaporator. 

Figure 17-5 illustrates the steam-jet refrigeration cycle on an h-s 
diagram. When one pound of steam expands through the steam nozzle 
from pressure Pi to the evaporator pressure P 2 at constant entropy, the 
enthalpy drop hi — A 2 Btu per pound is converted into kinetic energy of 


flow —Btu per pound. In the entrance of the booster this high- 
velocity jet picks up or carries along with it y pounds of dry saturated 
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steam (point 6) from the evaporator. The heat to evaporate this steam 
yQiQ — As) must be given up by the remaining water in the evaporator, 
which cools it. 



These two quantities of steam are usually assumed to mix at constant 
total momentum and after mixing exist at condition 3, Figure 17-5. A 
constant momentum mixing of 1 lb 
with a velocity V 2 with y pounds with 
no velocity results in \ + y pounds 
with a velocity such that 

1 . y .. r. (1 + 2 /) 

H— X 0 =- 

9 9 9 



or 


^3 = 


1 


1 + : 


V2 


Fig. 17-5. Steam-jet refrigeration 
[17*5] cycle. 


There is a corresponding decrease in kinetic energy of the jet of 

1 , (i + j^) ,_2 (1 + y)vl ~\ 

2gjr^ (l+2/)'J 

y 


= -vl- ^1 

2gJ ^ 2gJ ^ 


ARE = 


"2 


2Jg (1 + y) 


Btu 


[17-6] 
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V2 

Since — = hi — ^ 2 > this may be written 

2Jg 

ARE ih - h) T~ [17-7] 

I + y 

This decrease in jet kinetic energy represents directed energy that goes 
back to random heat energy during the mixing process. This energy 
goes to evaporate moisture at the evaporator temperature T 2 which 
means an increase in entropy of AiC^/T’ 2 . From this, the total entropy 
of the I + y pounds at point 3 is the sum of the initial entropy plus the 
entropy increase that results from the mixing, or 

1 X Si + 2/«6 + ( 7 ^ = (1 + y>s [17-8] 

In an ideal booster the mixture at point 3 is decelerated and brought to 
rest at constant entropy, resulting in = S 4 . Equation 17-8 may be 
written 

Si + 2 / S 6 + = (1 + 2/)s4 [17 • 9] 

The one pound of high-pressure steam at 1 , Figure 17-5, was initially 
at rest and the y pounds of vapor picked up in the evaporator had no 

initial velocity. Since the mixture 
is finally at rest in the condenser 
and in ideal equipment there are 
no thermal losses, the total initial 
enthalpy must be equal to the 
final value. 

1 X + 2 //i 6 = (1 +2/)^4 [17-10] 

The simultaneous solution of 
equations 17-9 and 17-10 will give 
the pound y of vapor that will be 
removed by one pound of steam 
flowing through the nozzle. Since 
there is no simple relationship be¬ 
tween S 4 and A 4 , a graphical solution must be used. Such a solution is 
illustrated by Figure 17 - 6 . 



Fig. 17-6, Graphical solution for 
steam jet-water vapor cycle. 
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PROBLEMS 


Chapi’er 1 

1*1. Pressure Units 

Pressures are measured in pounds per square inch, in inches of water, and in inches 
of mercury, and a standard atmospheric pressure is 14.7 lb per sq in., 29.9 in. of mer¬ 
cury, and 34 ft of water. Pressures measured above that of the atmosphere are 
called gage pressures and the gage pressure plus the atmospheric pressure, both ex¬ 
pressed in the same units, is called the absolute pressure. 

(a) Convert a gage pressure of 30 in. of water to an absolute pressure expressed 
in inches of mercury and in pounds per square inch. 

(b) What is meant by the expression “a 2S-in. vacuum referred to a 30-in. barome¬ 
ter’’? Convert this to absolute pressure expressed in pounds per square inch. 

1-2. Inclined Manometer 

Low pressures are often measured by using an inclined manometer, commonly 
called a draft gage. Such a manometer has one leg made of 3'10-in. inside diameter 
glass tubing inclined at an angle of 12 deg above the horizontal. The other leg is 
vertical and is J^-in. inside diameter. The manometer uses oil with a specific gravity 
of 0.83. When a pressure of 1 in. of water is applied to the manometer, how far will 
the oil move in the inclined leg? All the oil that moves out of the inclined tube must 
go into the }^-in. diameter vertical leg thereby changing the liquid level in it. 

1*3. Energy Units 

A 4000-lb automobile traveling 50 mph is brought to rest by applying the brakes. 
If there is a total of 100 lb of steel in the brake drums and shoes, what would be the 
temperature rise of the metal if any heat dissipated to the air during the stopping 
time is neglected? The average specific heat of steel is 0.12 Btu per lb per deg F. 
1-4. Thermal Units 

If the heating value of coal is 14,000 Btu per lb of coal, what is it when expressed 
in calories per gram of coal? 

1-5. Heating Costs 

With power at 2 cents a kw-hr, what is the cost of heating 100 gal of water from 
40 to 190 deg F? 

1 • 6. Power Units 

In a hydroelectric plant where the water level is 300 ft above the plant, how many 
cubic feet per second of water must flow through the turbine to deliver 30,000 kw 
at the switchboard if the turbine efficiency is 0.82 and the efficiency of the generator 
is 0.91. 

1*7. Energy Conversion 

If a man can develop a useful output of 3^ hp when working hard, and his waste 
heat loss is 1200 Btu per hr, what is his efficiency as a heat engine? 

1 *8. Automobile Fuel Consumption 

An automobile with a transmission efficiency of 0.85 has an engine that uses 0.6 
Ib of gasoline with a specific gravity of 0.77 per hr per hp developed. If the automo- 
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bile has a total rolling and air resistance of 140 lb at 48 mph, calculate the miles oet 
gallon of fuel at this si:>eed. 

1*9. Airplane Fuel Costs 

A 2200-lb airplane has a total air resistance of 490 lb at 180 ft per sec air speed. 
The propeller has an efficiency of 0.78 and the engine has an overall efficiency 
of 0.26. The engine uses gasoline with a heat content of 18,800 Btu per lb, the 
specific gravity of the fuel is 0.76 and it costs 14 cents a gallon. When the airplane 
has an air speed of 180 ft jier sec and is bucking a 30-mph head wind, find the fuel 
cost in cents per ground mile, h'ind the fuel cost per ground mile when traveling 
at the same air speed but with a 30-mph tail wind. 

1-10. Power Cost 

A steam plant uses coal having a heating value of 13,000 Btu per lb, costing $4.80 
per ton. If the furnace and V^oiler efficiency is 0.78, the turbine efficiency is 0.21 
and the generator efficiency is 0.81, calculate the tiiel cost in cents per kilowatt- 
hour delivered to the switchboard. 

1*11. Vaporization of Liquid Air 

In order to shrink the aluminum impeller of an air blower, so a reinforcing ring 
may be placed on it, the wheel is immersed in liquid air at —318 deg F. If the wheel 
weighs 5 lb and has a specific heat of 0.22 Btu j)er lb pK^r deg F, how many pounds 
of liquid air will be vaporized if the wheel is initially at 80 deg F and if 91.5 Btu 
are required to vaporize one pound of liquid air? 

1 • 12. Thermal Efficiency of a Cupola Furnace 
Approximately 600 lb of coke having a heating value of 12,500 Btu per lb is used 
to melt a ton of pig iron. The iron must be heated from 70 deg F to 2700 deg F 
with an average specific heat of 0.19 Btu per lb per deg F, and the melting requires 
60 Btu per lb of iron. If the useful output is considered to l^e only the heat that goes 
to the iron and the heat released by the oxidation of silicon and carbon from the 
pig iron is ignored, what is the thermal efficiency of such a furnace? 

1-13. Annual Heating Cost 

The heating season in different localities of the United States is reported in “de¬ 
gree-days.” This represents a summation of the degrees difference between indoor 
and outdoor temperatures times the days duration of each temperature difference. 
This ranges from 2000 to 8000 deg-days in different localities. 

In a section where the heating season is 5300 deg-days, a seven-room house has 
a heat loss of 1835 Btu f)er hr per deg F difference between indoor and outdoor tem¬ 
perature. If the furnace has an efficiency of 0.7 and uses 14,000 Btu per lb, $10.00 
per ton coal, calculate the annual heating cost. 


Chapter 2 

2*1. Molecular Energy 

Calculate the kinetic energy of translation of the molecules in 1 lb of air considered 
in the example of article 2 • 2. 

2-2. Variation of Molecular Velocity 

Reasoning from the expression for molecular velocity (equation 2 -2) and the gas 
equation (2 -3), is the molecular velocity affected by changing the gas pressure if 
the temperature remains constant? 
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2-3. Gas Equations 

The ^*gage pressure" in a 16 in. by 7 in. airplane tire at sea level where atmospheric 
pressure is 14.7 lb per sq in. and the tem|)erature is 70 deg F is 20 lb per sq in. What 
will be the gage j)ressure in the sjime tire at an altitude where the barometer is 20 in. 
of mercury and the temperature is zero deg F? 

2-4. General Gas Equation 

If an air receiver tank which has a volume of 39.1 eu ft, is filled with air at 80 lb 
per sq in. gage and 150 deg F, how many pounds of air are in the receiver? What 
will be the pressure gage reading after the air has cooled to 70 deg F? 

2*5. Density of Gas 

What is the weight of a cubic foot of dry air on a day when the temperature is 
96 deg F and the barometric pressure is 30.14 in. of mercury? 

2-6. Aneroid Barometer 

Aneroid barometers are made that are sensitive enough to measure the pressure 
change when they are lifted from the floor to a table top. To what pressure change 
must the syphon bellows of such an instrument respond if it is to react to a 1-ft 
change in elevation w'hen the air temperature is 70 deg F and the total barometer 
reading is 30 in. of mercury? 

2-7. Variation of Air Pressure with Altitude 

The decrease in air pressure, — r/p, in a vertical distance dh is equal to the weight 
of a column of air 1 sq ft in area and dh feet high. Express dp in terms of pressure p 
and absolute temperature T. If T is 460 -f 60 = 520 deg R at sea level where h 
is zero, and decreases 3.5 deg per 1000 ft of altitude (this from test results), express 
the temperature T at any height h. Combine this with the first equation and inte¬ 
grate for the equation between pressure P and altitude /i, evaluating the constant of 
integration for sea-level pressure corresponding to 14.7 per sq in., expressed in pounds 
per square foot. 

From this equation, calculate the barometer reading at 20,000 ft altitude. 

If this temperature gradient of —3.5 deg per 1000 ft persisted throughout the 
outer atmosphere, which it does not beyond 40,000 ft, how thick would the earth’s 
atmosphere have to be to account for the sea-level barometer reading? 

2-8. Buoyancy of Gases 

The lifting force of a balloon depends upon the difference between the weight of 
the gas and that of the air it displaces, and the bag is usually loose enough that the 
internal and external pressures are essentially equal. What weight and volume of 
helium wiU be required to lift a 1000-lb load at sea level and 70 deg F temperature? 
What lift will it exert if the balloon rises quickly to 25,000 ft altitude where baro¬ 
metric pressure is 11 in. of mercury and the air temperature is —30 deg F if the 
helium remains at 70 deg F? What will it be when the helium has cooled to —30 
deg F? 

2 • 9. Natural Draft 

The pressure difference that causes the gases to flow in a natural draft chimney 
results from the difference in weight between a column of the chimney gas and the 
weight of a similar column of outside air. On a day when the barometer reading is 
standard and the outside air is at 70 deg F the chimney gases which may roughly 
be considered as having the properties of nitrogen, have an average temperature of 
250 deg F. Calculate the pressure difference producing gas flow in pounds per 
square foot, pounds per square inch, and in inches of water, if the stack is 150 ft 
high. 
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2*10. Centrifugal Pressure from a Blower 

The impeller of a centrifugal blower, rotating an annulus of air at an angular ve¬ 
locity of w radians per second produces a greater air pressure at the outer radius 
that is greater than that at the center by the cumulative effect of centrifugal force. 
For an element at any radius r subtended by the angle de and having a radial depth 
dr the volume is rdB dr Z, where I is the width of the blower normal to the wheel. 

If this air is at a temperature (T average), express the weight of the element in 
terms of the volume, pressure, temperature, and the gas constant R. Next, ex¬ 
press the centrifugal force on this element. This centrifugal force is balanced by the 
increase in pressure dp acting inward over the area rdO 1. 

When the centrifugal force is equated to the restraining or balancing force, the 
resulting equation relating the pressure P and the radius r can be integrated for the 
total centrifugal pressure increase if the temperature is considered constant and the 
intake pressure at the center where r ~ 0 is assumed to be atmospheric. 

From the equation thus developed, calculate the centrifugal pressure increase that 
occurs in a supercharger with a 10.5-in. outside diameter impeller rotating at 21,000 
rpm, if the average air temperature is 180 deg F and the entering pressure at the 
center of the wheel is 14.7 lb per sq in. 

2-11. Sublimation of Dry Ice 

In the absence of a source of a high-pressure fluid, a vessel must be tested to de¬ 
struction. If the tank has a volume of 40 cu ft and it is estimated that it will fail 
at a gage pressure of 300 lb per sq in., how many pounds of solid carbon dioxide 
which exists at —110 deg F at atmospheric pressure must be sealed in the vessel to 
give a 300 lb per sq in. gage pressure when the temperature reaches 70 deg F? 

2*12. Gas Composition 

The volumetric analysis of a gas is H 2 = 0.48; O 2 = 0.06; CO = 0.38; N 2 = 0.05; 
CH 4 = 0.03. Using the mol method, change this to a weight composition. 

2-13. Effect of Humidity on the Gas Constant of Air 
When air contains 0.03 lb of water vapor and 0.02 lb of carbon dioxide per pound 
of dry air, what is the correct value of the gas constant R to use? 

2-14. Vacuum Pump Performance 

A vacuum pump with a 2-in.-diameter piston and a 2-in. stroke completely fills 
with air at whatever pressure exists in the tank at any time. How long will be re¬ 
quired to reduce the pressure in the 2 -cu-ft container to 0.01 lb per sq in. if the tem¬ 
perature remains at 80 deg F, the initial tank pressure is 14.7 lb per sq in. and the 
pump operates at 300 strokes a minute? 


Chapter 3 

3*1. Energy Changes 

In terms of the general energy equation trace the energy changes that occur when 
high-pressure air is released into a lower-pressure tank by opening a valve. 

3-2. Internal Energy Change 

A test chamber in which rotating wheels are given overspeed tests is 10 ft in diame¬ 
ter and 6 ft deep. At the beginning of a test the air in it is at 80 deg F and 14.7 lb 
per sq in. The test chamber is sealed and during a test the pressure rises to 19.2 lb 
per sq in. How many foot-pounds of friction work was done during the test, if it is 
assumed that no heat is transferred to the walls? 
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3*3. Expansion Work 

A 30-caliber rifle shoots a 0.30-in. diameter bullet weighing 0.30 oz from a barrel 
30 in. long. If it leaves with a velocity of 2660 ft per sec, what must be the avenige 
gas pressure as it expands in the barrel? Ignore the effects of friction and rotation 
of the bullet. 

3-4. Expansion Work 

An air drill has a piston 3 in. in diameter that moves through a 4-in. stroke. If 
80 lb per sq in. gage-pressure air is admitted behind the piston throughout the stroke, 
how many pounds of air are in the cylinder at the end of each stroke, when the ex¬ 
haust valve opens, if the air is at 70 deg F at that point? How much total work is 
done by each pound of air admitted to the air drill and how much useful work is done? 
3-5. Warm-Air Furnace 

A residence having a heat loss of 138,000 Btu per hr is heated by a warm-air fur¬ 
nace. The air enters the furnace shell from the return duct at 70 deg F and leaves 
at 180 deg F to go to the various rooms. How many cubic feet per minute of 70 
deg F atmospheric-pressure air must be circulated? 

3 • 6. Heating a Gas 

In the air preheater in a power plant 10,000 lb of air per hr are heated from 80 to 
400 deg F before being delivered to the furnace, and the air passes through the pre¬ 
heater at essentially constant pressure. Calculate the Btu per hour that go to in¬ 
crease the internal energy of the air and explain what becomes of the difference. 

3-7. Energy of Gases 

Air is picked up from rest at 70 deg F in a boiler room by a fan and given a ve¬ 
locity of 100 ft per sec. It then passes through a heater at constant pressure, emerg¬ 
ing at a temperature of 400 deg F. How much energy is delivered by the fan in Btu 
per pound of gas? Using Table 3-1 and the energy equation, find the heat added in 
Btu f)er pound and explain what becomes of this heat. 

3 • 8. Constant- Vol ume Heating 

A closed metal tank is designed to be safe when subjected to an internal pressure 
of 100 lb per sq in. absolute. It is used to hold compressed air and is filled at 80 lb 
per sq in. absolute and 60 deg F. The tank stands in the sun and its contents at¬ 
tain a temperature of 125 deg F. Assuming that the tank will not expand with pres¬ 
sure and temperature changes, will the design pressure be exceeded? What will be 
the increase in internal energy of the air in the tank? 

3*9. Expansion Work 

A constant-pressure commercial gas-storage tank contains 60,000 cu ft of methane 
gas at a temperature of 65 deg F and a pressure of 30 Ib per sq in. gage. The gas 
temperature is increased to 90 deg F by the heat of the sun. Calculate the volume 
increase and the external work done as the gas expands. How many pounds of gas 
must be removed from the tank after heating to maintain the original volume of 
60,000 cu ft? 

3*10. Energy Concepts 

In most problems equilibrium is assumed throughout all portions of a body of 
gas. However, during sudden changes one portion may be instantaneously much 
hotter or cooler than the remainder. A crude equivalent of local burning in an en¬ 
gine cylinder may be had by visualizing a small, completely flexible bag of air hav¬ 
ing a volume of 1 cu ft placed in a vessel of, say, 10 cu ft and the vessel sealed. Im¬ 
agine the entire contents initially at a constant temperature and pressure, and then 
assume the air in the bag to be instantaneously heated to a higher temperature, no 
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heat being added to the surrounding air. Assuming that not enough time has elapsed 
to accomplish any appreciable transfer of heat, explain just what hapjrens and trace 
all energy exchanges that occur. 

3-11. Heating a Gas 

One pound of air at atmospheric pressure and 70 deg F is placed in each of three 
containers. One container is completely rigid, one completely flexible, and the third 
is assumed to stretch under incre'ased pressure. The temperature of the air in the 
flexible container is increased by 100 deg F and the pressure, of course, remains at 
atmospheric. When the air in the rigid container is heated through 100 deg F its 
volume remains constant and its pressure increases. The volume of the third con¬ 
tainer is assumed to vary directly with absolute pressure, that is, for an internal pres¬ 
sure of two atmospheres its volume would be twice its initial value, or 



Evaluate the internal energy change in each of the three cases for a 100 deg F tem¬ 
perature rise. Evaluate the exjiansion work done by the gas in the completely flexi¬ 
ble tank. P'or the semi-flexible container, using the exjiression for the volume at 
any pressure and the general gas equation, integrate for the expansion work done on 
the container by the gas, and find the final pressure and volume. Since the pressure 
outside the tank is always atmospheric, the work done against outside pressure by 
the tank may be evaluated from the outside pressure and the increase in volume. 

What is the difference between the expansion work done on the tank by the gas 
and that done against the external pressure by the tank? Explain what becomes of 
the difference between them. 

3 T2. Enthalpy Change in a Jet 

Air originally at 1(K) lb per sq in. gage and 500 deg F expands through a nozzle 
and comes out at a high velocity and at 80 deg F. Evaluate the enthalpy change, 
using specific heat values from Table 3-1. If no heat is conducted away during this 
expansion and no turbulence is present, what is the final jet velocity if the initial 
flow velocity was negligible? 

3*13. Mol Specific Heats 

Evaluate the translational kinetic energy, vibrational kinetic energy, and external 
expansion work per degree Fahrenheit per mol for oxygen and for hydrogen at 2000 
deg R. Explain the reasons for any differences. 

3*14. Unavailable Energy 

A partial mechanical equivalent of a gas that increases in volume as it dt)es ex¬ 
pansion work is involved in the idea of hoisting a load with a flexible cable. Suppose 
a 100-Ib load is to be lifted 10 ft by a cable that is initially 10 ft long but that stretches 
elastically 10 per cent under a 100-lb load. As the upper end of the cable moves up, 
the load does not begin to rise until the upper end has moved far enough to build up 
a 100-lb tension in the cable. All the work done uj) to that point is stored as elastic 
energy in the cable. When the load has been lifted 10 ft and the cable is unhooked, 
it suddenly contracts to its original length and the elastic strain energy stored in it 
is lost in internal friction. 

Calculate the hoisting efficiency of such an arrangement. (It will be well to dis¬ 
continue the analogy at this point, for such analogies are dangerous and misleading 
if carried too far.) 
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3-15. Available Energy 

Evaluate the entropy change when air is heated at constant volume from 80 deg F 
to 500 deg F and ref>eat for constant-pressure heating. Calculate the fraction of the 
heat added in each case that is available for mechanical work with a lowest available 
cooling temperature of 60 deg F. Explain the physical reasons for any difference. 
3*16. Entropy Change Due to Mixing 

One pound of air at 600 deg F is mixed at constant pressure with one pound of 
air initially at 2(X) deg F. 

(a) Using specific heats from Table 3-1, calculate the final temperature after 
mixing. 

(b) Find the decrease in entropy of the pound initially at 600 deg F, the increase 
in entropy of the pound initially at 200 deg F, and the net entropy increase of the 
system. 

(r) For a lowest available temperature of 60 deg F, find the decrease in available 
energy that results from the mixing and explain the physical meaning of this. 

3-17. Entropy Change Daring Freezing 

Calculate the entropy change as 1 lb of water initially at 32 deg F is frozen to ice, 
the latent heat of fusion being 144 Btu per lb. 

Calculate the entropy change as 10 lb of water is heated from 32 deg F to 100 deg F. 

Calculate the final temi)erature when 1 lb of ice is put into 10 lb of water at 100 
deg F. 

Calculate the entropy alcove 32 deg F for 11 lb of water at this temperature. 

Is the total entropy of the system before and after mixing constant, and if it is 
why should it be? If it does not prove to be constant what is the explanation? 


CflAPTER 4 

4*1. Volume of a Vapor 

Using the general gas equation and the value of R for water vapor, calculate the 
specific volume in cubic feet per pound for steam at 14.7 lb per sq in. absolute and 
380 deg F, and compare the result with the exact value from the steam tables. 

4*2, LovyPressure JVater Vapor 

By treating low-pressure superheated ste^im as a gas, calculate the volume per 
pound of superheated vapor for 5 lb per sq in. absolute pressure at 200 and at 500 
deg F. Calculate also the change in enthalpy between these two temperatures by 
assuming it to be a gas with a constant specific heat. Compare these values with 
those found from the steam tables. 

4-3. Internal Energy Changes 

Using the steam tables, calculate the internal energy for steam at 1200 lb per sq 
in. pressure and 1000 deg F and also at 1 lb per sq in. and 1000 deg F. Explain the 
reason for the difference. 

Calculate the volume of a pound of steam at each of these conditions using the 
general gas equation and the theoretical value of the gas constant R and compare 
with actual values from the steam tables. 

4-4. Steam Tables 

A steam engine cylinder contains 2 cu ft of wet steam at 80 lb per sq in. absolute 
pressure and a quality of 0.75. Find the steam temperature, pounds of dry steam, 
pounds of moisture, total enthalpy and total internal energy. 
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4-5. Vapor Tables 

(а) Steam comes from a boiler at 120 lb per sq in. absolute pressure and a quality 
of 0.93. Find the temperature, volume, enthalpy, and internal energy per pound. 

(б) If it is superheated to 650 deg F at the same pressure, find the new volume, 
enthalpy, and internal energy, together with the Btu per pound added in the super¬ 
heater. 

4*6. Constant-Volume Heating 

A steam mixture, originally at 20 lb per sq in. absolute pressure and 0.20 quality 
is heated at constant volume to a pre.ssure of 100 lb j)er sq in. absolute, ^ind the 
final steam condition and the heat added per pound. 

4-7. Steam Tables 

A low-pressure heating system supplies 95 per cent quality steam to the radiators 
at a temperature (jf 100 deg F. If the internal volume or the steiim space of a radia¬ 
tor is 2 cu ft calculate: 

(a) The pressure at which the vapor is supplied. 

(b) The pounds of dry steam in the radiator. 

(c) The pounds of moisture in the radiator. 

(d) The total heat content and the total internal energy of the mixture in the 
radiator. 

4-8. Evaporative Cooling 

The cooling water from a condenser reaches a spray tower at 120 deg F and there 
it is cooled to 70 deg F by evaporation. Using the average value of the enthalpy of 
vaporization for this range, calculate the fractional part of each pound that must 
evaporate to cause the remainder to leave at 70 deg F. 

4-9. Evaporation of Water 

From a feed-water heater containing water at 250 lb per sq in. absolute pressure 
and 400,95 deg F, water escapes to a region at 14.7 lb per sq in. If no transfer of 
heat occurs what will be the quality of the steam formed? 

4-10. Steam Calculations 

A 450 lb per sq in. absolute boiler, equipped with a superheater is supplied with 
feed water at saturation temperature. The steam leaves the boiler steam drum 
with a quality of 98 per cent and enters the superheater. It leaves the superheater 
at 750 deg F. If the boiler generates 87,000 lb of steam per hr, calculate: 

(a) Heat added in the boiler per hour. 

(b) Heat added in the superheater per hour. 

(c) Tons of coal burned per hour, if 10,000 Btu per lb of coal are used to generate 
the steam. 

4-11. Throttling 

Steam at 120 lb per sq in. gage pressure and 0.96 quality is throttled to 30 lb per 
sq in. gage. Find the final steam condition, the increase in volume per pound, and 
the increase in unavailable energy for a cooling temperature of 70 deg F. 

4*12. Throttling Calorimeter 

Wet steam is expanded in a throttling calorimeter from a press\u*e of 160 lb per 
sq in. absolute to an exhaust pressure of 14.5 lb per sq in. absolute. The tempera¬ 
ture of the superheated steam in the calorimeter is 284 deg F. Calculate the initial 
quality of the wet steam using the superheat tables and also by assuming Cp for 
superheated steam as 0.47. 
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4-13. Quality of Steam 

From the size and speed of a steam engine and its rate of steam consumption it 
is estimated that the volume per pound of wet steam at the end of the expansion 
stroke is 5.8 cu ft per lb when the pressure is 40 lb per sq in. gage. Find the tem¬ 
perature, quality, and enthalpy of the steam. If dry saturated steam enters the en¬ 
gine at 120 lb per sq in. gage, what is the decrease in enthalpy of the steam passing 
through the engine? 

4*14. Entropy of Vapors 

(a) Using Cp of water as 1.0, calculate the entropy of liquid at 100 lb per sq in. 
absolute and compare with s/ from the steam tables. 

(h) Using h/g at 100 lb per sq in. absolute from the steam tables, calculate s/g and 
compare with s/g from the tables. 

(c) At 100 lb per sq in. absolute in the superheat tables, calculate the mean Cp of 
superheated steam between saturation and 500 deg F. Using this value of Cp, cal¬ 
culate the change iri entropy between saturation and 500 deg F and check it against 
steam table values. 

(d) What port ion of the heat added in each of o, 6, and c is available with a low 
temperature of 32 deg F? 

4-15. Entropy Change 

Calculate the increase in entropy and the increase in unavailable energy that ac¬ 
companies the throttling process of problem 4-9 using a lowest available tempera¬ 
ture of 70 deg F. 

4-16. Air Chamber 

It is necessary for single-cylinder liquid pumps to have an air chamber with a 
volume about eight times as great as the cylinder capacity connected to the dis¬ 
charge line to aid in smoothing out pressure variations. Such an ‘‘air dome’' con¬ 
tains 2 cu ft of 60 deg F air when the pressure is at its minimum value of 120 lb per 
sq in. gage. If the maximum surge pressure reached is 200 lb per sq in. gage, what is 
the final volume of the air and the amount of energy stored in it if the compression 
is assumed to be isothermal? Solve also assuming adiabatic compression. 

4*17. Atmospheric Temperature Variation 

If it is assumed that a large mass of air that rises to a higher altitude from a sea- 
level temperature of 60 deg F and a barometer of 29.92 in. of mercury without mix¬ 
ing with surrounding air masses, what would its temperature be at an altitude of 
25,000 ft where the barometer is 11 in. of mercury? 

What would account for the decrease in internal energy and what could cause 
the temperature so calculated to be other than the value of —30 deg F that is the 
accepted value at that altitude? 

4-18. Adiabatic Compression 

If the air is compressed adiabatically from 14.7 Ib per sq in. absolute and 80 deg 
F to 80 lb per sq in. gage pressure find: 

(а) The final temperature. 

(б) The change in volume per pound. 

(c) The compression work in Btu per pound of air. 

(d) The change in internal energy per pound. 

4-19. Isothermal Compression 
Solve problem 4*18 for isothermal compression. 
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4 • 20. Compression Pressure 

In a Diesel engine, air initially at 150 deg F and 14.7 lb per sq in. absolute pressure 
is compressed until its volume is one-sixteenth of its initial value. Using gas tables, 
find the final temperature assuming an adiabatic compression. Find the final pres¬ 
sure, the compression work done per pound of air, and the internal energy change. 

4-21. The Energy Equation 

The energy equation in the form of equation 3-15 may be combined with equa¬ 
tion 3*21 to give a velocity-temperature equation. This equation when integrated 
for an adiabatic equation may be combined with the adiabatic P-J' equation 4-23 
to give a relationship between pres.sure change and velocity change during an ideal 
adiabatic expansion. 

From such an equation calculate the theoretical velocity that would result when 
500 deg F air at rest in a tank at 30 lb per sq in. absolute pressure expands through 
an opening to atmospheric pressure. 

4-22. Exhaust Gas Turbine 

The exhaust gases leave an internal-combustion engine at 40 lb per sq in. absolute 
pressure and 1200 deg F and enter the exhaust gas turbine of a suf)ercharger unit. 
If an ideal constant entropy expansion occurs in the turbine, what will be the ex¬ 
haust temperature when a pressure of 16 lb per sq in. absolute is reached? Find the 
expansion work done per pound of exhaust gas. Use gas tables. 

4-23. Use of Gas Tables 

In an engine air is compressed at constant entropy from 14.7 lb per sq in. and 140 
deg F to 1200 deg R. Using gas tables, find the final pressure. 

4 • 24. Gas Table Caladations 

Solve problem 4-21 using the gas tables instead of the gas equations. 

4-25. Expansion of Hydrogen 

Solve problems 4 -21 and 4*24 using hydrogen instead of air. 


Chapter 5 

5*1. Gas Mixtures 

A sample of dry flue gas has the following volume analysis: CO 2 , 11.00 per cent; 
CO, 0.90 per cent; O 2 , 6.90 per cent; N 2 , 81.20 per cent. For this mixture, calculate 
the percentage weight composition, the gas constant Ry and Cv at zero deg F. 

5-2. Gas Mixtures 

The volumetric analysis of an illuminating gas is: H 2 = 0.48; O 2 — 0.06; CO = 
0.38; N 2 = 0.05; CH4 = 0.03. Calculate the weight composition, and the fraction 
of the total pressure exerted by each gas. 

5-3. Gas Mixtures 

The exhaust gas from a furnace has a dry volume composition of 14 per cent CO 2 , 
9 per cent O 2 , and 77 per cent N 2 . Calculate the percentage composition by weight 
and the values of R and Cv for the mixture. 

5*4. ExhausUGas Composition 

Verify the value of R given for the products of combustion of Table 4*11. Using 
this composition and Tables 4-2 to 4-8, check the values of u and Sv given in Table 
4-9 at 1000 deg R. 
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6 • 5. Clearance Gases in an Engine 

At the end of the exhaust stroke in an internal-combustion engine, the clearance 
space is filled with the combustion mixture at atmospheric pressure and 1500 deg F. 
At the end of the suction stroke, when the new air charge, initially at 80 deg F, has 
been drawn in at atmospheric pressure, the temperature of this mixture is 200 deg F. 
Assuming no heat loss or gain from the cylinder walls, calculate the fraction of the 
final mixture by weight that is air and the weight composition of the final mixture. 

5*6. Fud Mixing 

The fuel for a gas furnace is furnished in the form of methane at 70 deg F and 
atmospheric pressure that is mixed with 13 cu ft of air at atmospheric pressure and 
300 deg F for each cubic foot of methane. Calculate the temperature of the mixture 
and the density in pounds per cubic foot. 

6 • 7. Natural Gas 

Natural gas that is 0.92 methane, 0.055 nitrogen, and 0.025 ethane is distributed 
in containers at a pressure of 15(X) lb per sq in. gage. How many pounds would be 
in a 4 ft long container that is 5 in. inside diameter if the temperature is 80 deg F? 

5-8. Va'por Mixture 

What is the air-fuel ratio when air is saturated with gasoline vapor at 40 deg F? 
(Approximate gasoline vapor as octane Cgllis to calculate volume.) If the air and 
liquid gasoline arc supplied at 00 deg F, how much external heat must be supplied 
per pound of mixture? 

5‘9. Dew PoirU Calculation 

Calculate the dew point temperature for the combustion mixture of Table 4-11. 
At what pressure would condensation start if the temperature is held at 160 deg F? 

5*10. Gas arid Vapor Mixtures 

A room 20 ft by 24 ft by 12 ft is filled with saturated air at 78 deg F and at a total 
barometric pressure of 30.1 in. of mercury. Find the pressure exerted by the water 
vapor and by the air, the pounds of dry air, and the pounds of water vapor present. 

5*11. Air Density 

Compare the weight of 1 cu ft of dry air at 70 deg F and 14.7 lb per sq in. absolute 
with the weight of an equal volume of saturated mixture of air and water vapor at 
the same temperature and total pressure. 

5 *12. Dew Point 

The exhaust gases from a furnace have a dry volumetric analysis of 0.14 CO 2 , 
0.09 O 2 , and 0.77 N 2 . If this furnace is in a location where the barometric pressure 
is 22.0 in. of mercury and the dew point temperature’ of these gases is found to be 
142 deg. F find the pounds of water vapor that accompany a pound of the dry gases. 
What would be the dew point temperature of the same mixture if the barometer 
reading had been 29.92 in. of mercury? 

5*13. Condensation 

(a) A cold-water pipe through which water at 50 deg F is flowing, passes through 
a room in which the temperature is 73 deg F. Calculate the humidity of the air in 
the room at which the pipe will begin to ^^sweat.” 

(b) Air initially at 14.7 lb per sq in. absolute 80 deg F and 60 per cent humidity 
is cooled at constant total pressure to 45 deg F. How much water will be precipi¬ 
tated per 1000 cu ft of the original air? 
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5*14. Moisture Condensation 

An air compressor handles 2000 cu ft per hr of room air that is at 75 deg F and 
70 per cent humidity and compresses it to 80 lb per sq in. gage pressure. If it cools 
to 75 deg F in the receiver, how many pounds per hour of moisture will be condensed? 

5*15. Atmospheric Moisture 

For air that has a dry bulb temperature of 70 deg F and a wet bulb reading of 60 
deg F, calculate: 

(а) Pounds of vapor per pound of dry air for saturation at 70 deg F. 

(б) Actual pounds of vapor per pound of dry air and the percentage humidity. 

(c) Dew point temperature. 

{d) Total enthalpy per pound of dry air. 

5*16. Atmospheric Moistare 

For air having a dry bulb temperature of 83 deg F and a wet bulb reading of 67 
deg F, calculate the grains of moisture f)er pound of dry air, the dew point tempera¬ 
ture and the enthalpy, using steam tables. 

5- 17. Effect of Altitude on Atmospheric Moisture 

If a standard psychrometric chart based on a 29.92 in. barometer is used where 
the barometer reading is 20 in. of mercury, what errors in the dew poiiit tempera¬ 
ture moisture content, enthalpy and percentage humidity will result for a dry bulb 
temperature of 80 deg F and a wet bulb temperature of 05 deg F? 

5*18. Saturation of Air 

If air that is initially saturated with water vapor at 1(X) deg F is exposed to gaso¬ 
line vapor until equilibrium is reached, still at 100 deg F, will moisture be condensed? 
Will a pound of such saturated air contain more gasoline vapor at saturation than 
air that is initially dry? 

6- 19. Moisture Evaporation 

Below what percentage humidity of the air at 80 deg F will moisture evaporate 
from a lake that is at 65 deg F? What will happen if air with a higher moisture con¬ 
tent comes into contact with the lake water? 

5 • 20. Relative Humidity and Percentage Humidity 
The percentage humidity is defined as the ratio of the moisture weight per pound 
of dry air to the pounds necessary to saturate the air at that temperature. The rela¬ 
tive humidity is defined as the ratio of the partial exerted by the moisture to the 
pressure it exerts at saturation. Work out carefully the pounds of moisture per 
pound of dry air and the dew point temperature for 100 deg F air that has 65 per 
cent humidity and also for a relative humidity of 0.65. 

5*21. Vapor Pressure of Ice 

Ice at zero deg F exerts a vapor pressure of 0.0383 in. of mercury. How much 
ice will be formed from the moisture that is condensed from 100 cu ft of saturated 
70 deg F air when it is cooled to zero deg F? 

5’22. Evaporation or Condensation? 

Explain the phenomenon commonly referred to as **steam rising'^ from a lake on 
a chilly morning when the sun first comes up. 

6-23. Fog 

Can the fogs of the northwest coast of the United States be related to warm ocean 
currents off shore? Why is it always stated that a fog ‘‘settled down^’? 



PROBLEMS 


227 


5-24, Frost 

Does a white frost on the ground in the fall or spring necessarily mean that the 
atmospheric temperature has reached 32 deg F during the night? How did the an¬ 
cient Egyptians manufacture ice? 


Chapter 6 

6*1. Combustion of Carbon and Hydrogen 

What weight of air is required to burn a pound of carbon to carbon dioxide? a 
pound of carbon to carbon monoxide? a pound of hydrogen to water? Convert 
weights of air to cubic feet of air at 70 deg F and 14.7 lb per sq in. absolute. 

6-2. Combustion of Hydrocarbons 

For the complete combustion of methane gas (CH4) calculate: 

(а) Mols of O 2 per mol of gas. 

(б) Pounds of air per pound of gas. 

(c) Cubic feet of air per cubic foot of gas. 

6 • 3. Combustion of Gases 

The volumetric analysis of a natural gas is CH4 = 0.90, C 2 H 6 = 0.08, and H2 = 
0.02. Find the cubic feet of air required for the complete combustion of a cubic foot 
of gas and the pounds of N 2 , H2O, and CO2 formed from each pound of gas. 

6*4. Combustion of Hydrocarbons 

For the complete combustion of ethyl alcohol (C 2 H 6 O) calculate: 

(а) The pounds of O 2 needed per pound of fuel. 

(б) The pounds of air needed per pound of fuel. 

(c) The pounds of each of the constituents of the exhaust gases per pound of fuel 
burned. 

6 • 5. Combustion of a Gas 

The volumetric analysis of an illuminating gas is: H 2 = 0.48; CO = 0.38; CH 4 = 
0.03; O 2 = 0.06; N 2 = 0.05. Calculate: 

(а) The theoretical volumetric air-tuel ratio. 

( б ) The dry volumetric exhaust gas analysis for 50 per cent excess air. 

(c) The value of R for the dry exhaust gases and 50 per cent excess air. 

6 ‘ 6 . Combustion of Coal 

The weight analysis of coal is: 


Moisture 

0.035 

Oxygen 

0.06 

Ash (inert) 

0.08 

Nitrogen 

0.015 

Carbon 

0.75 

Sulphur 

0.01 

Hydrogen 

0.05 




Calculate the pounds of air per pound of coal for the complete combustion, and the 
higher heating value in Btu per pound. 

6*7. Incomplete Combustion 

Hexane (CcHh) is burned with an air-fuel ratio of 14 to 1 . Calculate: 

(a) Loss in heating value per pound of fuel due to incomplete combustion. 

(b) Wet volumetric exhaust gas analysis. 

6 - 8 . Delayed Burning 

Liquid fuel that is 0.85 carbon and 0.15 hydrogen by weight is dissociated into 
hydrogen and methane, in equal volumes, and free carbon by excessive temperature 
before it contacts the oxygen necessary for combustion. Later the hydrogen and 
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methane burn, but the free carbon goes unburned. Find the fraction of the carbon 
that does not burn and the fraction of the total heating value that is not realized. 
6-9. Heating Value of a Gas 

Calculate the higher and lower heating values for the gas of problem 6*5, expressed 
in Btu per cubic foot measured at 60 deg F and 14.7 lb per sq in. pressure. 

6-10. Temperature of Combustion 

If it is desired to have the products of combustion from the burning of fuel that 
is 0.86 carbon and 0.14 hydrogen by weight leave at 1800 deg F when there are no 
heat losses during combustion, what air-fuel ratio must be used? Solve this using 
gas tables. 

6-11. Burning Using Liquid Air 

If liquid air is to be used to burn gasoline that is 0.855 carbon and 0.145 hydrogen 
by weight, what maximum temperature may be reached if 20 per cent excess air is 
used? Use the gas tables, neglect dissociation and heat loss and consider the fact 
that liquid air exists at —318 deg F and has a latent heat of vaporization of 91.5 
Btu per lb. 

6*12. Incomplete Corrdmstion 

A petroleum fuel that is 0.86 carbon and 0.14 hydrogen by weight is burned with 
12.5 lb of air per lb of fuel. Find the fraction of the carbon burned to CO instead of 
CO 2 and the pounds of each exhaust gas constituent formed per pound of fuel burned. 
6-13. Properties of Coal 

A West Virginia coking coal has a proximate analysis: moisture = 0.014; vola¬ 
tile = 0.221; fixed carbon = 0.667; and ash = 0.098 by weight. Its ultimate 
analysis is; sulphur == 0.015; hydrogen = 0.05; carbon = 0.777; nitrogen = 0.015; 
oxyg6n = 0.045; and ash — 0.098 by weight. 

(o) Assuming that all oxygen in the coal comes from either the mechanically 
contained moisture or the water of crystallization, calculate the amount of water of 
crystallization from the oxygen of the ultimate analysis and the mechanical moisture 
of the proximate analysis. 

iff) Assuming the volatile of the proximate analysis to be composed of hydro¬ 
carbons, water of crystallization, and nitrogen, calculate the amount of hydrocar¬ 
bons in a pound of coal and the hydrocarbon composition of the volatile. 

(c) Calculate the theoretical pound of air per pound of coal. 

(d) Calculate the theoretical higher and lower heating values. 

6*14. Incomplete Burning 

When coal having a low volatile content is incompletely burned, it is true that the 
chief fuel element in the products of combustion is carbon monoxide and any ordi¬ 
nary Orsat analysis is dependable. However, when fuel oil is burned under unfavor¬ 
able conditions there are many fuel elements in the exhaust gases and because an 
Orsat analysis detects only the carbon monoxide, calculations from it are inaccurate. 
This is illustrated by the complete dry volumetric analysis of the stack gases from 
a small household oil burner burning fuel oil with the following analysis: 

Fuel Oil Weight Analysis: C = 0.845; H 2 = 0.13; N 2 - 0.01; S = 0.005, 

Stack Gas Analysis by Volume: CO2 — 0.1210; C2H4 = 0.0035; O2 = 0.035; CO 
= 0.0510; H2 = 0.0070; CH4 = 0.0060; N2 = 0.7980. 

(a) Calculate the analysis that would have been given by an Orsat, considering 
only CO 2 , O 2 , CO, and N 2 . 

iff) Calculate the air-fuel ratio, per cent theoretical air, and loss in heating value 
per pound of fuel on the Orsat basis. 
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(c) Using the complete gas analysis, calculate the air-fuel ratio, the per cent theo¬ 
retical air, and loss in heating value per pound of fuel. 

6*15. Exhaust Gas Analysis 

The dry volumetric exhaust gas analysis of a gasoline engine burning fuel with a 
weight analysis of C = 0.85 and H 2 = 0.15 is: CO 2 = O.llG; O 2 = 0.025; CO == 
0.015; N 2 = 0.844. Calculate the air-fuel ratio and the incomplete combustion loss 
per pound of fuel by accounting for the C and also by accounting for the H 2 . 

6-16. Dew Point Temj)erature of Exhaust Gases 

For CsHis burned with 14 lb of dry air per pound of fuel, calculate the wet volu¬ 
metric exhaust gas analysis and the dew point temperature at which moisture would 
start to condense from the i>roducts of combustion. 

6-17. Air-Fuel Ratio 

When a fuel of unknown composition is burned, the dry volumetric exhaust gas 
analysis is: No -- 0.85; CO 2 = 0.12; CO = 0.02; and O 2 = 0.01. Calculate the air- 
fuel ratio, the fuel composition, and loss due to incomplete combustion of carbon per 
pound of fuel. 

6*18. Range of an Airjilane 

An airplane, flying at its most economical speed, has a total drag that is always 
}/{i of its total weight, is equipi)ed with an engine that develops 1 bhp-hr from 0.40 
lb of fuel that has a heating value of 18,000 Btu per lb and has a propeller with an 
efl[iciency of 0.83. If the airplane’s gross weight at take-off is one-third fuel, what is 
its maximum range in miles? If the heating value of the fuel is reduced by one-half 
and the engine develops a horsepower-hour from the same number of Btu as with 
the original fuel, is the range reduced by one-half? 

6-19. Exhaust Gas A nalysis 

An automobile engine is adjusted for ideal complete combustion of a fuel that has 
the same composition as octane. If one of the 6 cylinders is not firing and the fuel 
from that cylinder does not burn in the exhaust manifold, in w'hat way would this 
be reflected by a CO 2 indicator? 

6-20. Calorimeter Error 

An analysis of the exhaust gases from a Junkers type calorimeter burning pure 
methane indicates that the fuel is being burned with 300 per cent excess air. If the 
exhaust gases leave 10 deg F warmer than the entering gas and air, what per cent 
error in the higher heating value of the fuel would result? 


Chafter 7 

7-1. Viscosity of Liquids 

Plot curves of the viscosity again^it temperature on a log-log scale for air, w^ater, 
and lubricating oil and explain w^hy they have different tendencies. 

7-2. Heat Transfer Units 

Develop a multiplying factor for converting values of thermal conductivity k from 
the units Btu per hour per square foot per degree Fahrenheit per foot to the units 
watts per square inch per degree centigrade per inch. 

7*3. Thermal Conductivity of Gas Mixtures 
From the discussion of gas mixtures, thermal conductivity, and viscosity of gases, 
attempt to reason out the way in which the properties of each constituent of a gas 
mixture affect the thermal conductivity of the mixture. Test your theory on the. 
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following case. At 50 deg P, a mixture that is 0.83 H 2 and 0.17 CO 2 by weight has 
a = 0.068 and one that is 0.37 H 2 and 0.63 CO 2 has & k ~ 0.025. Table 7 • 2 gives 
k for all H 2 and for all CO 2 . 

7'4. Thermal Coruluctinty of Gases 

Calculate the heat loss in Btu per hour per square foot through a stagnant air 
film 0.02 in. thick, for a temperature of 100 deg F on one side and 200 deg F on the 
other. 

7-5. Conductivity of Metals 

On a curve sheet using thermal conductivity as the abscissa and electrical conduc¬ 
tivity as the ordinate, spot points representing the metals of Table 7-3 and see if any 
general conclusion can be drawn. 

7*6. Viscosity Units 

Convert the absolute viscosity of air at 50 deg F from the slug, second, foot units 
to the gravitational or engineering system using pounds, hours, and feet. 

7-7. Heat Conduction 

A cold-storage room has a wall made of 4 in. of face brick, 8 in. of concrete, 1 in. 
of cork and in. of cement plaster. Starting with the conduction equation, calcu¬ 
late the heat conducted through 1 sq ft when the inside temperature is 40 deg F and 
the outside is 100 deg F. 

7 • 8. Heat Conduction Through Building Roof 
The ceiling of a house is made up of K in. of dry wood and 3^ in. thickness of 
press board. The roof which has a 45 deg slope is made of in. of low-grade rub¬ 
ber roofing on a 2-in. thick, dry concrete slab. The outdoor temperature is zero 
deg F and the inside temperature under the ceiling is 75 deg F. Calculate the attic 
temperature and the rate of heat loss per square foot of ceiling area. 

7 • 9. Radial Conduction 

Derive the expression for the heat loss per foot of pipe when a pipe of radius Ri 
is covered by an insulating material of outside radius of R 2 , and conductivity of K 
when on the outside surface of the insulation there is a thin stagnant air film having 
a conductance of (/ if the pipe surface temperature is T\ and the air temperature is 
T2. 

7*10. Radial Conduction 

Steam from a 600 lb per sq in. absolute and 700 deg F boiler is carried by a 10-in. 
wrought-iron pipe (outside diameter of 10.75 in.) to a high-pressure turbo-generator 
unit. The steam main runs lengthwise through a small control room 8 ft long and 
6 ft wide. The main is covered with asbestos insulation 3 in. thick. If the outside 
surface temperature of the pipe is 690 deg F and the outside temperature of the as¬ 
bestos insulation is 120 deg F, calculate the heat loss per hour from the steam main 
to the room. (Use K for wrought iron as 34.5.) 

7*11. Steam-Pi'pe Insulation 

The stagnant air film at the surface of an 8-in. diameter steam pipe has a conduct¬ 
ance 1/ of 1.5 Btu per hr per sq ft per deg F. If the steam pipe is at 240 deg F and 
the air is at 75 deg F, compare the heat loss from a 100-ft length of bare pipe with 
the loss when it is lagged with a 13 ^ in. thick layer of insulation having a fc * 0.1 
Btu per hr per sq ft per deg F per ft, if it is assumed that the value of the air film 
V at the outside surface of the lagging is the same as it is at the surface of the bare 
pipe. 
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7-12. Radial Heat Conduction 

The steam header in a building is nominal 13^-in. steel pipe that has an inside 
diameter of 1.61 in. and an outside diameter of 1.90 in. It has a 134 in. thick cover¬ 
ing of asbestos and the steam temperature inside is 240 deg F. For a temperature 
of 90 deg F at the outside of the covering, calculate the heat loss in Btu per hour 
per foot length of pipe. 

7*13. Dimens ional A nalysis 

Using dimensional analysis, assume the centrifugal force F on a whirling mass to 
be a function of the mass 7n, the radius r, and the angular whirling speed w and solve 
for the expression for centrifugal force (angle in radians is arc/radius). 

7*14. Dimensional Analysis 

Using dimensional analysis, solve for the general expression for the unit pressure 
p developed by a centrifugal blower, a.ssuming the pressure to depend on the mass 
density p of the air, the blower radius R, and the rotative speed of the blower w in 
radians per second. 

7*15. Dimensional Analysis 

Using dimensional analysis, assume that the rate of discharge of oil through a pipe 
for a steady viscous flow (Q = cubic feet per second) is a function of the pressure 
drop per foot length {P/L = pounds per square foot per foot length), the pipe 
radius {U = feet), and the viscosity p of the oil and derive the dimensional equa¬ 
tion for Q. 

7-16. Heat Convection 

Tests on a heated steel plate in still air gave a heat loss of 720 Btu per hr per sq 
ft by convecticjn when the plate temperature was 480 deg F and the air temperature 
was 80 deg F. When tested in an air stream having a velocity of 90 ft per sec under 
the same temperature difference, the heat loss by convection was found to be 6960 
Btu per hr per sq ft. 

Using the conductivity of the air in the stagnant film as the average between the 
plate and the free air, calculate the thickness of the eejuivalent stagnant air film in 
each case. 

7*17. Forced Convection 

(а) For w'ater at an average temperature of 100 deg F flowing in a J^-in. diameter 
tube at a velocity of 6 ft per sec, calculate the film conductance U when the tube 
wall has a temperature of 200 deg F. 

(б) Find the temperature rise of the water that occurs in a 10-ft tube. 

(c) Would there be a greater or smaller temperature rise in a smaller tube if all 
other conditions remained the same? 

7-18. Forced Convection 

A No. ‘^0" bare electrical conductor having a diameter (jf 0.325 in. and an elec¬ 
trical resistance of 0.10 ohms per 1000 ft is exposed to a cross wind of 30 ft per sec. 
If the gas temperature is 50 deg F what current in am]:)eres will result in a copper 
temperature of 150 deg F if only forced convection is considered. Solve for air cool¬ 
ing and also for hydrogen cooling. 

7-19. Free Convection 

A steam radiator which is 30 in. high has 42 sq ft of surface area, an inside steam 
temperature of 240 deg F, and an outside air temperature of 70 deg F. How many 
Btu per hour will be lost to the room air by free convection? 

7-20. Free Convection 

Solve problem 7 • 18 for free convection. 
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7*21. Free Convection 

Find the pounds per hour of 15 lb per sq in. absolute pressure saturated steam 
that would be condensed by the free convection loss from a 14-section, single-column, 
32 in. high steam radiator that has a total surface area of 35 sq ft. Assume the metal 
temperatul'e to be equal to the steam temperature and the room air temperature to 
be 70 deg F. 

7-22. Radiation 

Find the pounds of steam per hour that would be condensed by the radiation from 
the steam radiator of problem 7-21 if it is painted aluminum and if the full surface 
area is assumed to be effective in radiation. 

7-23. Radiation and Convection 

Plot curves of the black body radiation and free convection heat losses per square 
foot from a 2-ft-high surface against surface temperature. Extend the curves to a 
surface temperature of 250 deg F and find the value of emissivity that will cause the 
radiation loss to be practically equal to free convection through this temperature 
range. 

7-24. Combined Radiationy Conductiony and Convection 
Considering all modes of heat transfer involved, find the outside surface tempera¬ 
ture and heat loss per square foot for a vertical furnace wall. It is made up of 3 in. 
of fire brick on the inside and 4 in. of common brick covered with aluminum paint. 
The inside of the firebrick is at 1600 deg F and the outside room air is at 70 deg F. 
The firebrick, k - 0.70; the common brick, k = 0.4 Btu per hr per sq ft per deg F 
per ft; and the furnace wall is 3 ft high. 

7*25. Radiation Correction for a Thermometer 
When a thermometer is used to measure air temperature in an enclosure, the read¬ 
ing is affected by radiation from the enclosure walls. If the walls are cooler than 
air, the thermometer bulb transmits heat to the walls by radiation, and this heat 
must be absorbed from the surrounding air by convection. The thermometer bulb 
will have to be cooler than the air and will consequently read low. 

Air leaving a heater passes through a large pipe having a wall temperature of 80 
deg F. A thermometer introduced into the air stream indicates a temperature of 
300 deg F. Assuming the film conductance around the thermometer bulb to be 2.0 
Btu per hr per sq ft per deg F and the emissivity of the bulb to be e == 0.6, calculate 
the true air temperature. 


Chapter 8 

8*1. Indicator Cards 

Indicator cards from a 5 in. by 4 in. 500-rpm air compressor are 2.9 in. long. The 
area of the head end card is 1.30 sq in. and that of the crank end is 1.37 sq in., using 
a 60 lb per sq in. per in. indicator spring. If the piston rod diameter is in., calcu¬ 
late head and crank end mep and the total i hp. 

8*2. Adiabatic Compression 

During the compression stroke in a Diesel engine air initially at atmospheric pres¬ 
sure and 150 deg F is compressed through a ratio of 16 to 1, that is, the final volume 
is one-sixteenth of the initial volume. If this compression is done adiabatically 
calculate: 

(а) The final pressure. 

(б) The final temperature. 
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(c) The external work done per pound. 

(d) The change in internal energy per pound of air. 

(e) The heat extracted per pound of air. 

8*3. Isothermal Compression 

Solve problem 8*2 using an isothermal compression. 

8-4. Polytropic Comjrression 

Solve problem 8 • 2 for a polytropic compression that corresponds to an exponent, 
(n - 1.31.) 

8*5. Polytropic Compression 

Although the usual method of obtaining the polytropic exponent is by a mathe¬ 
matical analysis of a pressure-volume indicator diagram, it can be found from pres¬ 
sure and temperature readings. If a compression starts at atmospheric pressure and 
70 deg F and if the final pressure is found to be 100 lb per sq in. absolute and the 
final temperature 320 deg F, calculate the value of the compression exponent n. 
Also find the w^ork done per pound of air and the heat extracted. 

8 • 6 . Single-Stage A ir Compression 

For a single-stage air compressor taking air at 100 deg F and 15 lb per sq in. ab¬ 
solute pressure and compressing it to 75 lb per sq in. gage, calculate the temperature 
at the end of compression, the heat extracted during compression, and the net cycle 
work per pound of air compressed: 

(а) For adiabatic compression. 

(б) For isothermal compression. 

(c) For poly tropic compression PV^'^^ = constant. 

8-7. Two-Stage Air Compression 

A two-stage air compressor takes air at 15 lb per sq in. absolute pressure and 90 
deg F and delivers it at 100 lb per sq in. gage pressure. If the work is the same in 
the high- and low-pressure cylinders, the air is cooled back to 90 deg F in the inter¬ 
cooler and both cylinders compress with a polytropic exponent n = 1.32, calculate: 

(а) The correct intermediate pressure. 

(б) The temperature at the end of each comprassion. 

(c) The heat extracted during each compression per pound of air. 

(d) The heat extracted in the intercooler i^er pound of air. 

(e) The horsepower to compress 1000 cu ft of free air per minute. 

8*8. Air Compressor Cooling 

The aim of this problem is to compare single-stage compression with cooling dur¬ 
ing compression with two-stage compression with interstage cooling, but no cylinder 
cooling. Assume air at atmospheric pressure and 70 deg F compressed in two adia¬ 
batic stages to 90 lb per sq in. gage and cooled back to 70 deg F in the intercooler. 
Calculate the total cycle work per pound and then find the value of polytropic Ex¬ 
ponent n that would correspond to the same cycle work with a single-stage compres¬ 
sion. Compare the final temperature in the two cases. 

8-9. Compression Efficiency 

If the idea of a polytropic compression is extended to cover the case of turbulent 
energy losses during compression it may be used to analyze high-speed blower and 
supercharger cycles where the temperature rise during compression is greater than 
the adiabatic rise corresponding to the compression ratio used. This may be done 
by using equations 8*5, 8*6, 8-13, and 8*15. If there is no coohng and the actual 
cycle work per poimd is 1.25 times the adiabatic work for the same pressure ratio, 
this would correspond to a compression efficiency of 0.80 on an adiabatic basis. 



234 


PROBLEMS 


By equating the adiabatic work from equation 8-5 to 0.80 of the polytropic com¬ 
pression work from equation 8*15 and eliminating Tz and by using equations 


8-13 and 8-6, a final equation involving only the pressure ratio 


Pa Pi 


results. 


Pi Pi 

For pressure ratios from 1 to 4 plot a curve of n corresponding to an 0.80 compres¬ 
sion efficiency. The final and mt)st useful curve would be that of the temperature 
ratio Tz/Ta plotted against pressure ratio. From a family of such curves plotted for 
various efficiencies once the actual final temperature Tz is found from test results, 
the corresponding adiabatic temperature 7*4 for the same pressure ratio and the same 
initial temperature Ti could be calculated. From this temperature ratio Tz/T\ and 
the pressure ratio, the value of compression efficiency on an adiabatic basis could 
be read directly from the curves. 

Complete such a curve for 0.80 efficiency and see if it can be plotted on semi-log 
or log-log paper in such a way as to become a straight line. 


8-10. Compressor Performance 

A single-stage air compressor handles 1000 cu ft per minute of atmospheric pres¬ 
sure, 80 deg F air, and delivers it to a receiver at SO lb pier sq in. gage pressure. Its 
volumetric efficiency is 0.72, its compression efficiency on an isothermal basis is 0.85 
and its mechanical efficiency is 0.90. If it rotates at 350 rpm, what must be its piis- 
ton displacement and what horsepower Ls required to drive it? 


8-11. Volumetric Ejfieicncy 

An air compressor with a clearance volume that is 0.07 times the piston displace¬ 
ment operates between atmospheric pressure and 80 lb per sq in. gage pressure. 
The poly tropic compression exponent is 1.22 and the re-exjiansion curve has an ex¬ 
ponent of 1.12. 

Find the volume at the end of the re-expansion of the clearance air and its tem¬ 
perature at that time. If it is assumed that the cylinder at the end of the intake 
stroke is filled with air at this tempierature and atmosjiheric pressure, what is the 
volumetric efficiency? 


8*12. Centrifugal Blower 

A 2500-rpm centrifugal air blower takes 1000 cu ft pier minute at 70 deg F and 
14.7 lb per sq in. and delivers it with a static pressure of 4 in. of water in a 7-in. 
diameter discharge pi pie. If the blower input horsepower is 1.6, calculate the blower 
efficiency. 

8*13. Centrifugal Blower 

An air blower handles 500 cu ft pier minute of 14.7 per sq in. 80 deg F air and de¬ 
livers it in a 5-in. diameter discharge pipie at a static piressure increase of 11.0 in. 
of water at an efficiency of 0.40. Calculate the air horsepower and input horsepxiwer. 


8*14. Supercharger 

A gear-driven supiercharger takes air at an absolute pressure of 11 in. of mercury 
and —30 deg F at an altitude of 25,000 ft and delivers it to an engine at 14 lb pier 
sq in. absolute pressure. The supiercharger has a compression efficiency of 0.70 re¬ 
ferred to an adiabatic compression and the engine uses 15 lb of fuel and 7 lb of air 
pier hj)-hr. 

Calculate the temp)erature at which the air is delivered to the engine, and the 
fraction of the engine's output that is used for sup)ercharging. 

8 • 15. Air Measurement 

If the pressure drop across a 3.5-in.-diameter, sharp>edged intake orifice is 5 in. 
of water, calculate the cubic feet per minute of 14.7 lb p)er sq in, absolute, 70 deg F 
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air flowing through it. What pressure drop would occur if an intake nozzle is used 
for the same flow? 

8*16. Pidon Effect of a Train in a Tunnel 

A locomotive moving through a tunnel at 60 miles per hr fills 0.6 of the cross- 
sectional area of the tunnel. Considering the air to be at 14.7 lb per sq in. pressure 
and 70 deg F and assuming that no air is forced out the end of the tunnel, what must 
be the approximate difference in pressure between the front and rear of the locomo¬ 
tive, expressed in inches of water? 

8-17. Air in a Diesel Engine FneUInjection Line 

A Diesel engine fuel-injection pump has a total displacement of 0.01 cu in. and the 
injection valve will not open until an oil pressure of 2000 lb per sq in. gage is reached. 
Approximately what length of the t{o-in. diameter fuel line must be full of air at 
atmospheric pressure to make it impossible for the injection valve to open? 

8-18. Pressure lAmit of an Air Compressor 

If it is assumed that power and mechanical strength need not be considered, what 
would limit the maximum air pressure against which a compressor can deliver air? 


Chapter 9 

9 ■ 1. Entropy of Cases 

(а) Show isothermal, adiabatic, and polytropic compressions on a temperature- 
entropy diagram. 

( б ) Show the corresponding expansion curves. 

9*2. Carnot Cycle 

Derive the Carnot cycle efficiency by using the energy equation and integrating 
for the heat added between 1 and 2, Figure 9-1, and the heat discharged from 3 to 4. 

9-3. The Carnot Engine 

A Carnot cycle is to be performed in a cylinder with a maximum volume, Fs, Figure 
9-1, of 1 cu ft, the lower temperature is 70 deg F, the upper temperature is 800 deg F, 
and the pressure F 3 , Figure 9 1, is atmospheric. Show the P-V diagram of a Car¬ 
not cycle, indicating all pressures and volumes at points 1, 2, 3, and 4, Figure 9-1. 

9-4. Reversible Cycle Efficiency 

Assuming 70 deg F as the lowest available temperature, plot curves of power cost 
in cents per kilowatt-hour against the temperature at which heat is supplied for 
both coal and oil as fuel, assuming the conversion at the ideal reversible cycle effi¬ 
ciency. Plot curves from a supply temperature from 500 to 3000 deg F for both coal 
at $5.50 a ton with a higher heating value of 13,500 Btu j^er lb and for fuel oil with 
a specific gravity of 0.80, a higher heating value of 20,200 Btu per lb and a cost of 
5.5 cents per gal. 

9*5. Simple Cycle Efficiency 

Calculate the efficiency of a cycle that is accomplished by filling a cylinder with 
atmospheric pressure, 70 deg F air which is then heated at constant volume to a 
final temperature of 800 deg F. After being heated the air is expanded at constant 
entropy to atmospheric pressure. Find the pressure at the end of heating, the tem¬ 
perature at the end of expansion, the cycle efficiency, and the output work per pound 
of air. Show this cycle on a temperature entropy diagram and point out its short¬ 
comings. 
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9*6. Availability of Energy 

One pound of air is compressed adiabatically from 80 deg F and 14.7 lb per sq in. 
absolute pressure to 200 lb i>er sq in. gage pressure. It is then heated at constant 
volume to 3000 deg F. If this air is then expanded adiabatically to its initial volume, 
calculate the portions of the heat that are available and unavailable at each point, 
considering the initial heat content as zero. 

9*7. Available Energy 

In a steam plant 8 lb of steam are formed i)er pound of coal fired and 14.5 lb of 
products of combustion are formed for each pound of coal fired. All the products of 
combustion pass over a convection sur)erheater and are cooled from 1200 to 750 deg 
F. All the steam enters the su!)erheater at 300 lb p)er scj in. absolute and a quality 
of 0.99. 

(a) Assuming the furnace gases to have the properties of nitrogen, calculate the 
temperature at which the superheated steam leaves. 

(5) Calculate the decrease in available energy caused by the transfer of heat from 
the high-temperature gases to the lower-temperature steam, assuming the lowest 
available temperature to be 65 deg F. 

9*8. Carnot Cycle Using Steam 

A Carnot cycle using steam operates between temperatures T 2 and Ti (Figure 
4-1). The upper temperature is the saturation value corresponding to 100 lb per 
sq in. absolute pressure, and the lower temjieraturo corresponds to atmospheric pres¬ 
sure. Heat is added from A to R and a constant-entropy exjiansion from B terminates 
at the lower temperature, Ti. Heat is extracted during the condensation at temper¬ 
ature Ti and starting at the proper quality a constant entropy compression ends at 
the liquid line at A, 

(a) Calculate the quality at which this compression must start, using steam table. 

(b) Find the cycle efficiency from the steam tables by evaluating the heat added 
and the heat discharged. 

(c) Compare this result with that evaluated from equation 9-2. 

9*9. Entropy Change During a Polytropic Change 

Explain how to use the gas tables to evaluate an entropy change during a poly¬ 
tropic expansion. 

Evaluate the increase in entropy per pound of air expanding polytropically from 
100 lb per sq in. absolute pressure and 1000 deg R to a pressure of 20 lb per sq in. 
absolute. Show this expansion on a temperature-entropy diagram. Use a value of 
n = 1.26. 


Chaptek 10 

10 • 1. Compression Ratio 

The compression ratio of the 3M in. by 4J^ in. cylinder of a C.F.R. fuel-testing 
engine Ls varied by moving the entire cylinder up or down with respect to the piston 
top dead center position. Through what distance must it be moved to increase the 
compression ratio from 5 to 8? 

10*2. Compression Pressure 

For an adiabatic compression what is the ratio of final to initial pressure in an en¬ 
gine with a clearance volume of 0.086 times the piston displacement? 

10*3. Burning Time and Flame Velocity 

The spark plugs in an 8-cylinder, 3800-rpm, 4-6troke cycle, valve-in-head automo¬ 
bile engine are placed in the side walls of the 3?^-in. diameter combustion spaces. 
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The indicator diagram shows burning to be completed in 10 deg of crank angle. 
Find the total burning time in seconds and the average flame velocity in feet per 
second. 

10*4. Pidon Velocity 

What is the average piston velocity in a in. by 3^^ in. 3700-rpm engine? 
What is piston acceleration at top dead center if the ratio of connecting rod length 
to crank radius is 3.6? What gas pressure on the piston would be required to give 
the piston this acceleration if the piston weighs 14 oz? 

10-5. Octane Number 

Instead of using pure octane and heptane for commercial testing, less expensive 
secondary reference fuels are used. In what proportions should two reference fuels 
of octane 90 and 60 be blended to produce a fuel of octane 77? 

10-6. Ideal Otto Cycle 

Derive the expression for the ideal Otto cycle efficiency l)y evaluating the useful 
work done by integrating for the net work area 3,2,4,1, Figure 10-4, instead of using 
the method of equation 10-2. 

10-7, Otto Cycle Efficiency 

Assuming a higher heating value of 19,800 Btu per lb of fuel used, plot a curve of 
fuel consumption in pounds of fuel per horsepower-hour for an ideal hot-air standard 
Otto cycle against compression ratio, extending the curve from r = 4 to r = 12. 
10-8. Diesel Cycle Efficiency 

For a Diesel engine having a clearance volume of 8 per cent of the piston displace¬ 
ment, plot a curve showing the ideal hot-air standard efficiency at which the last 
fuel burned is utilized. Extend the curve from a cut-off ratio of 1 to a value of 2.5. 

10*9. Ideal Diesel Cycle 

Derive the expression for the efficiency of the ideal Diesel cycle with constant- 
pressure burning. This expression involves the compression ratio and the cut-off 
ratio. 

10-10. Methods of Cycle Analysis 

The products of combustion in an engine cylinder exist at 3500 deg R at the end 
of burning. They are then assumed to be expanded reversibly and adiabatically 
through a volume ratio of 6. Calculate the final temperature and expansion work 
done in Btu per pound for the following assumptions: 

(a) Cold-air standard, R — 53.3, y — 1.4. 

{h) Hot-air standard, R = 53.5, y — 1.3. 

(c) Using gas tables but assuming it to be air. 

(d) Using the combustion-mixture gas table. 

In parts (a) and (6) it may be convenient to evaluate from Cu = R/J{y “- !)• 
Prove this to be true before using it. 

10-11. Effect of Mixture on Engine Power 
Proposition. Using the incomplete combustion assumptions of article 6-4 for a 
fuel with a weight composition of 0.86 C and 0.14 H 2 , it is possible to show that 
theoretically the maximum heat released per pound of oxygen used occurs when just 
enough air is supplied to result in 17.7 per cent of the carbon of the fuel being burned 
to CO instead of CO 2 . 

(a) Prove the proposition to be true or false. 

(5) In the light of these results explain why an actual gasoline engine delivers 
maximum power at an air-fuel ratio of approximately 12.5 to 1 instead of at the 
ideal complete combustion air-fuel ratio of approximately 15.2 to 1. 
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10*12. Diesel Engine Performance 

A 5 in. by 7 in., 2 -cylinder, 4-stroke cycle Diesel engine with clearance volume 
equal to 7 per cent of piston displacement develops 15 hp at 600 rpm at a fuel con¬ 
sumption of 0.6 lb of 19,000 Btu per lb fuel for each horsepower-hour. 

(a) Calculate the compression ratio of the engine. 

(b) Calculate the brake thermal efficiency. 

(c) Calculate the brake mean effective pressure. 

10*13. Otto Gas Engine 

The 5^8 in. i)y 10 in. Otto gas engine has a compression ratio of 4.85 and operates 
at 250 rpm. It it burns methane (CH 4 ) with theoretical air, what would be the ideal 
indicated horsejiower and ideal indicated mean effective pressure if it operated at 
the hot-air cycle efficiency with a volumetric efficiency of 70? 

10*14. Specific Output of Airplane Engine 

An air})lane engine delivers 1 bh|)-hr for each 0.44 lb of fuel having a higher heat¬ 
ing value of 10,400 Hlu per lb at an air-tuel latio of 14.1 to 1 . It has an estimated 
volumetric efficiency of O.SO, a mechanical efficiency of 0.84, and weighs 0.76 11) per 
b hp output. Find the indicated horsepower per cubic inch of piston displacement 
and the bmep for an average piston sfieed of 3000 ft [xjr minute. 

10*15. Die,sd Cycle Efficiency 

An ideal Diesel cycle has a compression ratio of 13.53 to 1, uses a fuel with a higher 
heating value 20,500 and a lower heating value 18,800 Btu per lb with an air-fuel 
ratio of 20 to 1. Using the air table for the compression and combustion-mixture 
table of article 4*5 for the entire combustion and expansion portions of the ideal 
Diesel cycle, calculate the ideal cycle efficiency tor a cut-off ratio of 2 to 1 . (Assume 
intake temperature = 110 deg F and intake pre^ssure = 14.7 lb per sij in.) 

10*16. Gasoline Engine 

Calculate the probable brake horsepower for a 3K in. by 3J'g in., 8 -r*ylinder, 4- 
stroke cycle, 30()0-rpm automobile engine having a compression ratio of 6 . Assume 
a mechanical efficiency of 0.70, volumetric efficiency of 0.65, an air-fuel ratio of 15.2 
to 1, and a lower heating value for the gasoline of 18,(K)0 Btu per lb to calculate the 
probable brake thermal efficiency and pounds of fuel per brake horsepower based on 
the hot-air standard cycle efficiency. 

10*17. Effect of Air Density on Engine Output 

If thermal efficiency and fuel mixture arc constant, the indicated horsepower of 
an internal-combustion engine varies directly as the air density in the cylinder at 
the beginning of the compression stroke. This density varies as the outside air pres¬ 
sure and approximately as the inverse square root of the absolute external tempera¬ 
ture. If it were not for the heating of the mixture during intake it would vary in¬ 
versely as the absolute temperature, but changing this to the square root has been 
found experimentally to account for this heating effect with satisfactory accuracy. 

If the friction horsepower is assumed to remain constant, which is not precisely 
true, what will be the reduction in brake horsepow^er of an unsupercharged engine at 
an altitude of 20,000 ft where the barometer reading is 13.75 in. of mercury and the 
air temperature is —12.3 deg F? The full-load mechanical efficiency of the engine 
at sea-level pressure and 59 deg F air temperature is 0.83. 

10*18. Engine Cooling 

If the engine of the preceding problem is supercharged, it may be assumed that 
the heat loss from the cylinders for satisfactory cooling must be the same at 20 , 000 - 
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ft altitude as at sea level. Referring to the basic forced convection heat transfer 
equations, decide what change in velocity of the cooling air over the cylinders will 
be necessary between sea level and 20,000 ft altitude to insure the same cylinder 
temperature for an air-cooled engine. 


Chapter 11 

11 -1. Steam Tables 

Find the quality or superheat, enthalpy, entropy, and internal energy for 1 lb of 
steam at 200 lb per sq in. absolute when it occupies a volume of (a) 2.00 cu ft and 
(6) 3.00 cu ft. 

11-2. Properties of Shorn 

Using the Mollier diagram and superheated steam tables evaluate the volume per 
pound of steam at various pressures between 500 lb per sq in. and 1 lb per sq in. 
absolute at a constant temjierature of 500 deg F. Show this on the same P-V dia¬ 
gram with a calculated isothermal passing through 500 lb per sq in. pressure and 
500 deg F that is based on the assumption that superheated steam values may be 
predicted by the gas equations. By how much does the actual superheated steam 
isothermal fail to be checked by the corresponding gas equation values? 

11-3. Steam Charts 

On pressure-volume, temperature-entropy, and enthalpy-entropy diagrams, sketch 
curves of constant jiressure, constant volume, constant entropy, constant tempera¬ 
ture, and constant enthalpy changes for steam, including both wet steam and super¬ 
heat regions. 

11-4. Constant Entropy Expansion of Superheated Steam 

Using steam tables evaluate {iressure and volume fier pound at various pressures 
for a constant entropy exjiansion of steam from 100 lb per sq in. absolute pressure 
and 500 deg F. Evaluate the exponent n in PV^ — constant, and find an average 
value of n to fit the constant entropy expansion. 

11-5. Constant Entropy Expansion of Wet Steam 
Evaluate an average value (jf n to fit the equation PF” = constant to a constant 
entropy expansion of 100 lb per sq in. saturated steam expanding to a moisture con¬ 
tent of 10 per cent. 

11-6. Steam Mixing 

What is the final condition of the mixture when 10 lb of sui^erheated steam at 100 
lb per sq in. absolute and 500 deg F is mixed with 8 lb of saturated water at the same 
pressure and 327.81 deg F? Find the initial and final total entropy and explain the 
significance of the change. Show the initial condition of the steam and the water 
and the final condition of the mixture on P-V, h-s, and T-s diagrams. 

11*7. Throttling 

Show a throttling process for a superheated vapor on P-V, h-s, and T-s diagrams. 
11*8. Throttling Caloi'imeter 

On a day when a barometer reading is 30.04 in. of mercury, 120 lb per sq in. gage 
pressure wet steam when passed through a throttling calorimeter results in a calo¬ 
rimeter temperature of 238 deg F. Calculate the initial steam quality, enthalpy, in¬ 
ternal energy, entropy, and specific volume. 
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11-9. Steam Calorimeter 

Steam at 116 lb per sq in. gage pressure passes through a throttling calorimeter 
and the calorimeter temperature is 240 deg F with a barometric pressure of 30.20 
in. of mercury. Deriving equations used, calculate the initial steam quality. 

11*10. Steam-Engine Condensation 

A 12 in. by 16 in., single-cylinder, 300-rpm, double-acting, slide-valve steam en¬ 
gine that uses steam initially at 130 lb per sq in. absolute and 0.985 quality has such 
a high initial condensation that at cut-off occurring at 0.4 stroke the quality is 0.85, 
the pressure remaining constant. How many pounds of steam per hour is used by 
the engine? 

11*11. Rankine Cycle 

Compare the complete expansion Rankine cycle efficiency and ideal pounds of 
steam per kilowatt-hour for an initial steam condition of 350 lb per sq in. absolute 
pressure and 540 deg F and a condenser pressure at atmospheric with that for the 
same initial steam conditions and a condenser pressure of 1 in. of mercury absolute. 

11*12. Complete Expansion Rankine Cycle 
An ideal complete expansion engine with no clearance uses 130 lb i>er sq in. abso¬ 
lute steam at a quality of 0.98, and exhausts to atmospheric pressure. 

(а) Calculate the necessary point of cut-off to permit complete expansion. 

(б) Calculate the cycle efficiency and ideal water rate in pounds of steam per 
horsepower-hour. 

11*13. Nonexpansion Rankine Cycle 

For the steam conditions of problem 11*12, calculate the cycle eflSciency and ideal 
water rate for a nonexpansion cycle. 

11*14. Incomplete Expansion Rankine Cycle 
For the steam conditions of problem 11*12, calculate the cut-off for an ideal in¬ 
complete expansion cycle to have a release pressure of 30 lb per sq in. absolute. 

11*15. Boiler-Feed Pump 

If a boiler that operates at 125 lb per sq in. gage pressure has its feed water de¬ 
livered by an ide.al nonexpansive engine with an atmospheric pressure exhaust, how 
many pounds of boiler steam, assumed to reach the engine with 0.98 quality, must 
be used to pump a pound of water into the boiler? 

Since the steam tables do not give the volume of liquid at atmospheric pressure 
and 150 deg F it must be approximated. When doing this it is important to realize 
that temperature has a much greater effect on liquid volume than pressure. 

11*16. Incomplete Expansion Rankine Cycle 
The steam in the cylinder of an ideal steam engine at cut-off is at 120 lb per sq 
in. absolute pressure and has a quality of 0.98. The release pressure is 30 lb per 
sq in. absolute and the condenser pressure is 5 lb per sq in. absolute. Find the 
quality of the steam at release, the ideal cycle efficiency, the ideal pounds of steam 
required per horsepower-hour, and the quality of the steam when it is in the con¬ 
denser. 

11 *17, Incomplete Expansion with Throttling 
Steam at 150 lb per sq in. absolute pressure and a quality of 0.985 is throttled to 
100 lb per sq in. absolute and admitted to an ideal incomplete expansion Rankine 
engine. If the release pressure is 25 lb per sq in. absolute and the exhaust is atmos¬ 
pheric pressure, calculate the necessary cut-off point, the cycle efficiency, and the 
ideal water rate in pounds of dry steam per horsepower-hour. 
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11-18. Steam-Engine Performance 

A steam engine using steam at 160 Ib per aq in. absolute pressure and 0.976-quality 
steam operates with a 0.26-stroke cut-off and the steam expands with a polytropic 
exponent of n ~ 1.18 as found from the indicator card. 

(a) Neglecting clearance and assuming no condensation during admission, calcu¬ 
late the pressure and quality at release. 

(h) Calculate the heat transferred from the cylinder during expansion, expressing 
it as Btu per pound of steam. 

(c) If it is an atmospheric-exhaust engine compare its efficiency with that of a 
complete expansion Rankine cycle for the same steam conditions. 

11-19. Steam Compressor 

In a plant having available only 120 lb per sq in. gage-pressure steam at 0.986 
quality, a small quantity of 250 lb i)er sq in. gage-pressure steam is needed for process 
work and it is estimated that it would be cheaper to compress the low-pressure steam 
than to install a separate steam generator. 

For an ideal compression calculate the input work per pound of steam compressed, 
the ideal horsepower for 100 lb of steam per hr and the cubic feet per minute of 
steam at iiJet conditions. 

11-20. Donble^Expansion Steam Engine 

Steam at 300 lb per sq in. absolute pressure and 500 deg F is to be expanded to an 
absolute pre.ssure of 5 in. of mercury in two ideal stages. Using the Mollier diagram 
find the correct intermediate pressure to balance the work between the high- and 
low-pressure cylinders and the condition of the steam as it enters the low-pressure 
cylinder. Find the correct ratio of low-pressure to high-pressure cylinder volume and 
the ideal pounds of steam per horsepower-hour. 


Chapter 12 

12-1. Diverging Nozzle Analogy 

An elastic ball moves between tw^o walls, each similar to Figure 12 -2, with an in¬ 
itial velocity of 100 ft per sec and equal components in the traiLSverse and longitudi¬ 
nal directions. If each wall diverges at an angle of 8 deg, calculate the two compo¬ 
nents of velocity after the thiid elastic impact of the ball as it rebounds along the 
passageway. What fraction of its total kinetic energy is changed from the trans¬ 
verse direction to the axial with each impact? 

12-2. Nozzle Equations 

Derive the nozzle equations of article 12-3, including all the mathematical steps. 
12-3. Nonexpanding Gas Nozzle 

The oxygen tip of a welding torch is J^-in. inside diameter and is supplied with 
oxygen at 70 deg F and 13 lb per sq in. gage pressure. Calculate the velocity of the 
oxygen as it leaves the nozzle and also find its temperature and density. Calculate 
the discharge in pounds per hour. 

12-4. Air Nozzle 

An air nozzle is to be supplied with 100 lb per sq in. gage pressure, 80 deg F air by 
a compressor that handles 5000 cu ft per minute of atmospheric pressure 70 deg F 
air. The nozzle is to discharge the compressor output with an atmospheric back 
pressure. Calculate the throat and discharge velocities and nozzle areas and the 
length of the diverging portion of the nozzle if the total included angle of the nozzle 
walls is 14 deg. 
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12*5. Air Jet 

Calculate the pounds of air per second that would be dischar^jjed through a non¬ 
expanding nozzle 3^ in. in diameter discharging against atmospheric pressure when 
the initial air pressure is 10 lb per sq in. gage, and when it is 25 lb* per sq in. gage, 
its initial temperature being 80 deg F. 

12*6. Velocity M-casurement 

If a small impact or Pitot tube is pointed into a stream of high-velocity gas, the 
absolute pressure indicated by a gage attached to the tube will be the sum of the 
static pressure of the stream and impact i)ressure that results from bringing the gas 
to rest adiabatically. The energy e(iuation and the adiabatic ecpiations may be writ¬ 
ten between the point in the moving stream where the pressure is Pi, the tempera¬ 
ture is Tiy the velocity is 7’i, and the impact tube where the velocity is zero, the pres¬ 
sure is P2, and the temperature is T 2 . Thus it Pij P2, and either Ti or T 2 are known, 
it is possible to solve for the velocity, 7»i. 

Derive such an equation assuming T 2 to be known and solve for the velocity of 
an air stream flowing at atmospheric pmssure Pi if the impact tube gage pressure is 
32 in. of mercury and the temperature of the air as brought to rest m the impact 
tube is 206 deg F. Calculate the temperature, Pi, of the moving stream. 

12-7. Air Diffuser 

When high-velocity air from the impeller of a supercharger is discharged from the 
wheel at a high velocity it enters a diverging passagewjiy known as a diffuser, where 
it is slowed down to a lower velocity before it is discharged into the casing. Thus, 
a diffuser is a nozzle in reverse. 

Using the basic nozzle equations calculate the ideal final pressure and temperature 
of the air if it enters a diffuser at 220 deg F, 900 ft per sec, and at 21 lb per sq in. 
absolute if its velocity is reduced to 300 ft per sec in the diffuser. This problem re¬ 
quires a trial-and-error solution, and may be solved using either gas tables or gas 
equations. 

12-8. Nozzle Discharge 

For a nonexpanding nozzle discharging to atmospheric pressure, plot a curve of 
pounds per second of steam discharge jjer square inch of nozzle throat area against 
the initial steam pressure at which steam is supplied. Assume the supplied steam 
always to be dry and saturated and extend the curve to an initial steam pressure of 
100 lb per sq in. absolute. 

12 *9. Steam Nozzle Layout 

A full expanding nozzle has a throat diameter of 0.6 in. and the expanding portion 
has a total included angle of 10 deg. Dry saturated steam at 120 lb per sq in. abso¬ 
lute pressure flows through it to an atmospheric back pressure. Calculate the dis¬ 
charge in pounds per second, the necessary discharge diameter, and the length of 
the expanding section. 

12 • 10. Nozzle Discharge 

Steam at a gage pressure of 120 Ib per sq in. and a quality 0.986 is throttled to 
90 lb per sq in. gage pressure and admitted to a nonexpanding nozzle having a throat 
diameter of 0.60 in. Calculate the critical throat gage pressure and the correspond¬ 
ing maximum discharge in pounds per second. 

12 11. Steam Nozzle 

The first stage nozzles of a steam turbine are supplied with 350 lb per sq in. abso¬ 
lute pressure, 600 deg F steam, and are to discharge steam at 2180 ft per sec. Find 
the ideal discharge pressure using the Mollier diagram and check the accuracy using 
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steam tables. Specify the type of nozzle needed and calculate the total nozzle throat 
area needed in a 50CK)-hp turbine that has a water rate of 7.6 lb of steam i)er hp-hr. 

12-12. Super saturation 

Calculate the percentage error involved in neKlcctin^ the effect of supersaturation 
on discharge velocity and weight discharged for a turbine nozzle that takes steam at 
20 lb per sq in. absolute i)ressure and 260 deg h' and discharges to a pressure of 8 
lb per sq in. absolute. 

12-13. Nozzle Cowlensation 

Assume that steam expands in a nozzle in a supersaturated condition until it is 
halfway between the saturation line and Wilson line, Figure 12-4, at which time 
the normal condensation suddenly occurs. Attempt to reason out the physical pic¬ 
ture of the sequence of events that will follow. 

12 -14. Nozzle Losses 

What back pressure must be maintained with a nozzle using 160 lb per sq in. ab¬ 
solute pressure, 440 deg F steam if a leaving velocity of 1200 ft per sec is desired 
and the nozzle energy efficiency of 0.92? What will be the leaving temperature of 
the steam? What would be the leaving velocity for an ideal nozzle between the 
same pressures? 

12-15. Meiering Nozzle 

A rectangular nozzle ] 2 in. b}^ 1« in. is used to meter air that enters it from a large 
pipe' at tK) lb per sq in. gage pressuie and 72 deg F. When the pressure drop across 
the nozzle is 27 in. of water, how many pounds per minute of air are flowing if the 
calibration of the nozzle indicates a velocity coefficient of 0.96? W'ould the assump¬ 
tion of constant density be accurate enough in this case? (See article 8-7.) 

12-16. Acoustic Velocity 

From the nozzle equations of article 12-3 express the acoustic velocity in the 
throat of a nozzle opeiating at the critical pressure ratio in terms ot the gas con¬ 
stants and the initial temperature Ti. Express it also in terms of the throat tem¬ 
perature T2. Is there a physical explanation for the fact that the pressure does not 
enter into the expression for critical or acoustic velocity? 

12-17. Turbine Blade Temperature 

For 1200 lb jier sq in. absolute pressure, 1000 deg F steam expanding through the 
first stage nozzles of a turbine to a pressure of 650 lb per sq in., calculate the ideal 
discharge velocity and the temperature that would be indicated by a thermometer 
traveling with the steam. If the first stage turbine blades have a velocity one-half 
that of the steam and in the same direction, the maximum temperature of the blades 
would be that resulting when the steam at the condition as it leaves the nozzle is 
decelerated to half that velocity at constant entropy. Derive the necessary equa¬ 
tions and calculate that temperature using steam tables or the Moilier diagram. 


Chapter 13 

13-1. Thrust of a Jet 

Using the concepts of article 13-1 find the reaction force on the nozzle when air 
at 80 lb per sq in. gage and 500 deg F expands through a full expanding nozzle to a 
back pressure of atmospheric pressure. (The thrust to create a fluid jet is the same 
as the force required to stop it.) 
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13*2. Jet Propulsion 

If the products of combustion of a rocket leave it at a relative velocity of 4000 ft 
per sec, plot a curve of the thrust in pounds produced per pound per second of prod¬ 
ucts of combustion discharged against the velocity of the rocket. 

13*3. Turbine Velocity Diagram 

A simple impulse turbine stage which operates with a steam velocity of 1000 ft 
per sec and a nozzle angle of 18}^ deg, has a bucket pitch diameter of 4 ft and turns 
1800 rprn. Solve both analytically and graphically for the entrance angle of the 
buckets, the relative entering velocity, and the absolute leaving steam velocity. 
For each pound per second of steam, calculate the force on the blading, the torque 
and horsepower developed. Calculate the stage efficiency by using the input and 
output and also by using the input and the leaving energy. 

13-4. Effect of Turbine Blwie Friction 

Excessive friction losses in the blading of the turbine stage of problem 13*3 causes 
the relative velocity at which the steam leaves the bucket to be 0.8 of the relative 
entering velocity. Draw the resulting velocity vector diagram, calculate each item 
asked for in problem 13*3 and in addition the side force on the wheel for each pound 
per second of steam. 

13*5. Turbine Blading Angles 

If the turbine wheel of problem 13*3 has blading with a root diameter of 3 ft 3 in. 
and a tip diameter of 4 ft 6 in., w'hat is the proper entrance angle at the blade root 
and at the tip? If the leaving angle of the entire blade is constant at the value that 
is correct for the root section, what is the difference in magnitude and direction of 
the absolute leaving velocity between the blade root and tip? 

13*6. Turbine Steam Flow 

Suppose the blading of the turbine stage of problem 13 *3 to be 6 in. long and to 
be spaced so the distance between blades is 1 in., measured normal to the relative 
entering velocity of the steam. If the steam leaves the nozzles at 70 lb per sq in. 
absolute pressure and 380 deg F, find the pounds per second jmssing through one 
opening between blades. Calculate the total force on the blade in pounds. 

13 • 7. Impulse Turbine Stage 

Derive all equations involved and plot curves of ideal stage efficiency and stage 
horsepower and torque for each pound of steam used per second against wheel rpm. 
Assume a steam velocity of 1500 ft per sec, a nozzle angle of 15 deg, and a wheel 
diameter designed to give maximum efficiency at 1800 rpm. 

13*8. Variable-Speed Turbine 

For the solution of problem 13*7 to be correct the blade angle would have to be 
different at each operating condition, but in actual practice this is not true. Sup¬ 
pose the blade angle to be fixed at the proper value for 1800-rpm operation and as¬ 
sume that at any other operating speed only the component of the relative entering 
velocity that is parallel to this blade angle is useful. Recalculate the curves for 
problem 13 *7. New equations must be derived to fit these assumptions. 

13*9. Single-Stage Gas Turbine 

The nozzles of a single-stage gas turbine are set at an angle of 20 deg and expand 
products of combustion from fuel oil burned with 20 per cent excess air from 100 lb 
per sq in. gage pressure and 1400 deg F to a back pressure of atmospheric pressure. 

If the wheel is to run at 20,000 rpm, what is its proper pitch diameter and the 
ideal horsepower developed per pound per second of gas? 
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13 * 10. Turbine Runaway Speed 

A turbine consists of a single double-velocity, impulse-stage wheel with a pitch 
diameter of 24 in. The nozzles are at 18 deg. The initial steam is at 120 lb per sq 
in. absolute, dry and saturated, and the turbine exhausts to atmospheric pressure. 
Such a turbine is governed by throttling the steam to a lower pressure before ad¬ 
mission to the nozzles. 

If at no load the governor fails to operate, what maximum runaway rpm would 
be reached if the wheel did not fail first? Neglect wheel windage and friction and 
after finding this top speed explain what is hapy^ening to the steam in each set of 
moving blades. This entire analysis will, of course, assume that the biading angles 
are proper for this condition of of>eration which is not accurate. An actual turbine 
could not reach the speed so calculated because of the turbulence of the steam pass¬ 
ing improperly through the blading. 

13* 11. Curtis Double-Velocity Impulse Stage 

A simple atmospheric-exhaust turbine has a single-pressure, double-velocity stage 
Curtis wheel 4 ft in diameter and turns 1800 rpm. Saturated steam at 80 lb per 
sq in. gage enters the nozzles and is discharged at an angle of 163/2 deg into the at¬ 
mospheric pressure of the casing. 

(o) Draw the vector diagram and determine the correct entrance angles for the 
two sets of blades. 

(6) Calculate the turbine horsepower per pounds of steam per second, ignoring 
friction. 

(c) Calculate the stage efficiency. 

(d) Calculate the ideal water rate. 

13*12. Reaction Turbine Stage 

In a symmetrical reaction turbine stage the steam leaves the stationary blading 
with an absolute velocity of 1200 ft per sec at an angle of 16 deg. The moving blades 
are on an 1800-rpm wheel with a pitch diameter of 5 ft. 

(а) Calculate the absolute velocity with which the steam leaves the moving blades 
and enters the stationary ones. 

(б) Calculate the necessary energy drop in Btu per pound across the stationary 
blades and across the moving blades. 

(r) Calculate the stage horsepower for one pound per second of steam. 

(d) Calculate the stage efficiency. 

13*13. Turbine Efficiency 

A small single-stage impulse turbine uses 120 lb per sq in. gage pressure, 0.985 
quality steam and at rated load the steam is throttled to 105 lb per sq in. gage pres¬ 
sure before being admitted to the nozzles. If the back pressure is 5 in. of mercury 
absolute and the steam is exhausted with 10 deg F of superheat, what is the stage 
efficiency and the water rate in pounds of steam per horsepower-hour? 

13*14. Preliminary Turbine LayoiU 

The high-pressure end of a turbine is to use steam at 1000 lb per sq in. absolute 
pressure and 850 deg F and discharge it at a pressure as near 350 lb per sq in. ab¬ 
solute pressure as wiU fit a full number of stages. The turbine is to turn at 3600 
rpm and is to have a Curtis double-velocity, first-stage wheel to reduce the casing 
pressure to 650 lb per sq in. 

(a) Ignoring losses, find the diameter of this first-stage wheel to give maximum 
efficiency for the pressure drop from 1000 lb per sq in. to 650 lb per sq in. using a 
nozzle angle of 16.5 deg. 
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(6) Ignoring all losses and assuming all succeeding stages to have this same wheel 
diameter, calculate the number of simple impulse stages to reduce the pressure to 
approximately 350 lb per sq in., designing each stage for maximum efl&ciency and 
16.5 deg nozzle angles. 

(c) From the Mollier chart, find the various stage pressures. 

(d) Assuming 0.65 efficiency for the fii*st stage and 0.76 for each of the others, 
lay out the steam path on a Mollier chart for the stage pressures found in (r). 

(c) Calculate the cycle efficiency, thermal efficiency, turbine efficiency, and water 
rate in jx)unds {)er horsepower-hour. 

13-15. Exhaust-Gas Turbine 

A 10CX)-hp internal-combustion engine is equipped with an exhaust-gas-driven 
turbo-supercharger. The engine uses 0.5 lb of fuel per b hjj-hr with an air-fuel ratio 
of 15 to 1 and the exhaust gtises leave at 30 lb per sq in. gage pressure and 1600 deg 
R at an altitude where the barometric pressure is 10 in. of mercury. 

(a) What ideal horsepower is available in the gases and what would be the final 
gas temperature? (Assume Table 4-9 to apply to the exhaust gases.) 

(h) What would be the theoretical rpm for a single-stage wheel with a 14-in. pitch 
diameter if the nozzles are set at 20 deg? 

(c) Suppose a turbine of two stages is used and one-half of the available pressure 
drop is used in each stage, find: (1) The horsepower developed in the first stage with 
a stage efficiency of 0.70. (2) Assuming the losses of stage one to reheat the gases 

at constant pressure between stages, calculate the horsepower developed in the sec¬ 
ond stage if it has a stage efficiency of 0.70. (3) Compare the actual develoi>ed horse¬ 
power with the ideal available horsepower. 

13-16. Turbine Steam Consumption 

A throttle governed single-stage impulse turbine has five 0.60-in.-diameter noz¬ 
zles and exhausts at atmospheric pressure. If it is supplied with 130 lb per sq in. 
absolute pressure, dry saturated steam, plot a curve of ideal total pounds of steam 
used per hour, against ideal horsepower output. Solve by assuming various nozzle 
pressures after throttling and find the corresponding ideal rate of steam flow and 
ideal work per pound of steam. Extend the curve from maximum output to about 
one-fourth load and include a curve of nozzle pressure plotted against horsepower. 


Chapter 14 

14 • 1. Condenser Air 

The presence of air in a condenser resulted in the temperature of the air-vapor 
mixture in the condenser being 100 deg F when the condenser pressure was 2.15 in. 
of mercury. For such conditions how many cubic feet of mixture must be withdrawn 
from the condenser for each pound of air removed and how many pounds of vapor 
accompany such a pound of air? 

14 • 2. Condenser Air Remot^al 

When the open boiler-feed water heater of a plant is not in use, the 50 deg F at^ 
mospheric pressure boiler feed water contains as much as 0.05 absorbed air by vol¬ 
ume. This air passes through the boiler and turbine into the condenser where it 
must be removed by the reciprocating vacuum pump. From the volume of water 
discharged and the number of working strokes per minute of the pump, it was esti¬ 
mated that at the end of each suction stroke the pump cylinder was one-sixth filled 
with water and five-sixths with air-vapor mixture. 
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If it is assumed that in the pump none of the air is absorbed in the water and the 
mixture is at a temperature of 100 deg P, what is the condenser pressure? What 
would be the condenser pressure if no air were present? 

14-3. Jet Condenser 

Steam from a turbine enters a jet condenser at a pressure of 1.5 in. of mercury 
(absolute) and a quality of 0.887. How many pounds of 70 deg F spray water per 
pound of steam must be used to maintain that condenser pressure? Find the approxi¬ 
mate condenser pressure that would result if half that much spray water is used, 
assuming the enthalpy of the entering steam to remain the same as before, which, 
of coui’se, it would not. 

14-4. Cooling Tower 

Where condenser circulating water is cooled in a spray tower the water cascades 
down over baffles and air is blown upward through it. The limiting condition would 
be for the air to leave the top saturated with vapor at the incoming water tempera¬ 
ture and for the cooling water to leave the bottom at a temperature approaching the 
wet bulb temperature of the incoming air. In such a spray tower where the air en¬ 
ters the bottom at 85 deg F and 65 deg F wet bulb temperature, the condenser water 
enters the top at 115 deg F. Assume the limiting conditions to be satisfied and cal¬ 
culate the pounds of dry air that must enter i)er pound of cooling w^ater entering 
and the fraction of each pound of entering condenser water that is lost by evapo¬ 
ration. 

14*5. Condenser Heat Transfer 

Assuming very good condenser conditions (Figure 14-2), find the temperature at 
which the cooling water will leave a 10 ft long tube \\ith a }^-in. inside diameter if 
the steam temperature is 110 deg F and the cooling water enters at 70 deg F and 
flows 4 ft per sec? All other conditions being the same, what would the leaving tem¬ 
perature be if the tube is 1 in. inside diameter? 

14*6. Condenser Heat Transfer 

Tests of a condenser having 0.80-in. outside diameter tubes with 0.04 in. thick 
walls gave an overall conductance U — 420 Btu per hr i)er sq ft per deg F with a 
water velocity of 5 ft per sec when new, and this dropj>ed to IJ = 180 for the same 
conditions when the tubes had fouled. P>om tliis calculate the steam film conduct¬ 
ance for new tubes and the combined steam film and scale conductance for the 
fouled tubes. 

14-7. Condenser Performance 

A 15-kw turbogenerator using 90 lb of saturated 110 lb per sq in. gage steam per 
kw-hr discharges its exhaust steam into a surface condenser at an absolute pressure 
of 5 in. of mercury. The condenser has a double pass and has a total of 196 6-ft tubes, 
0.50-in. inside diameter, and 0.625-m. outside diameter. 

The cooling water enters at 60 deg F and leaves at 110 deg F and the condensate 
leaves at 105 deg F. The combined electrical and mechanical efficiency of the unit 
ia 0.70. 

(o) Find the Btu per hour absorbed by the condenser. 

(b) Find the pounds of cooling water per hour and the water velocity in the tubes. 

(c) Calculate the overall conductance in Btu per hour per square foot per degree 
Fahrenheit. 

(d) Calculate the steam film conductance. 

14*8. Condenser Layout 

A steam turbine uses 9 lb of 280 lb per sq in. absolute pressure 500 deg F steam 
per hp-hr and develops 30,000 hp with a condenser pressure of 2 in. of mercury ab- 



248 


PROBLEMS 


solute. Cooling water enters at 70 deg F and is to leave 9 deg F cooler than the 
saturation temperature of the steam in the condenser. Cooling water flows through 
the 1-in. inside diameter, 0.05 in. thick-walled tubes at 3.0 ft per sec and fair main¬ 
tenance is assumed. Assuming a double-pass condenser calculate the square feet of 
condenser surface required per turbine horsepower and the total number and length 
of tubes required. Find the cubic feet per hour of cooling water used. 

14-9. Condemer Size 

If in problem 14-8 the water velocity in the tul)es is raised to 6 ft per sec, all other 
conditions remaining the same, calculate the number ol feet of condenser t ubes that 
could be saved and find the new condenser diineiisioiis. 

14-10. Condenser Variables 

With a water velocity of 2 ft per sec through a 1-in. inside diameter condenser 
tube 12 ft long, the pressure drop is 0.2 lb per sq in., and this pressure loss varies as 
the square of the water velocity. The w^ater is assumed to enter at (K) deg F, the 
steam temperature is assumed as 105 deg and the conductance of the steam film 
is assumed constant at 1000 Btu per hr per sej ft per deg F. Plot the following curves 
against the water velocity using values from 1 tc) 12 ft per sec: 

(a) Overall conductance. 

{h) l^eaving-water temi>erature. 

(c) Log-mean temperature difference. 

(d) Btu per hour exchanged in the tube. 

(c) Btu removed per pound of cooling ^\atcr. 

(/) Pressure drop in pounds per square inch. 

(g) Pumping horsepower. 

(h) Btu exchanged per horsepower-hour of pumping work. 

14-11. Condenser Relief Valve 

If the condenser of problem 14-8 is to be equif)ped with a relief valve that will 
allow the full steam load to be blown to the atmo.sphere il the pump fails, what must 
be the approximate net area of the salety valve o|)ening if the condenser pressure 
is not to exceed 20 lb per sq in. gage? 

14-12. Window Condensation 

Test results indicate that when the humidity of the 70 deg F air in a room is 0.40, 
condensation will start on single pane glass windows when the outside air is 35 deg 
F. Can this be checked by u-sing heat transfer and humidity theory? 


Chapter 15 

15 *1. Flame Temperature 

When no heat is lost from a flame the maximum temperature reached is governed 
by the tendency of the products of combustion to dissociate into fuel elements at 
higher temperatures. Usually, however, the rate of heat loss is large enough to pre¬ 
vent the flame temperature from reaching a value where dissociation is important. 
Assuming no dissociation, calculate the maximum flame temperature that would re¬ 
sult from the combustion of a fuel oil that is 0.76 carbon and 0.14 hydrogen by weight 
if it is burned with 20 per cent excess air in a furnace where the heat loss by radiation 
during combustion is one-third of the heat released. (Assume that the one-third 
heat loss is based on the lower heating value for if the higher heating value were 
used the heat of vaporization of the water vapor would have to be considered.) Use 
Table 3*11 and an initial air temperature of 80 deg F. 
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15*2. Air^FueX Ratio 

If the fuel of problem 15 1 is to be burned in the combustion chamber of a gas 
turbine, what air-fuel ratio must be used to maintain a gas temperature of 1600 deg 
F if radiation loss is neglected? 

15*3. Convection S upei heater 

A convection superheater is made of L75-in. outside diameter tubes with Jie in. 
thick walls. At a light load the average steam temperature is 500 deg F, the mass 
flow of the st eam is (is = 10 lb })er sec ihm- sq ft of tube area, the average gas tem¬ 
perature is 20(K) deg F, and the rate of gas flow is (if, = 3 lb per sec per sq ft of net 
area betwe<m tubes. If the load on the boiler i^ doubled, (is will be doubled, and 
since the fuel consumption will increase in a like pro[)ortion, (if will be approximately 
doubled. Calculate the rate of heat transfer per sejuare foot of surtace for both 
cases, assuming the same sk'am and gas temjxiratures, jind from this predict what 
effect increased load has on temperature rise in a superheater if the gas temperature 
is not changed. 

15*4. Convection S u perk cater 

In a 350 lb per sq in. absolute boiler, steam with a quality of 0.98 goes to the super¬ 
heater tubes and leaves the superheater at 600 deg F. When the boiler output is 
30,(X)0 11) of steam per hour, 3000 lb of coal an hour are burned with 16 lb of air per 
pound of coal. The net gas pjissage area between the superheater tubes is 7 sq ft 
and the gases are at 2200 deg average* temperature as they pass over the tubes. 

If the su|)erheater consists of 18 1.75-in. outside diameter, ?io-in. walled tubes in 
parallel, calculat/C the necessary tube length, if all the heat transter to the tubes is 
by convection. 

15-5. Steam-Gcneraior Heat Transfer 

The feed water enters the economizer of a 350 lb per sq in. absolute j)ressure steam¬ 
generating unit (Figure 15-2) at 100 deg F and from there enters the boiler drum at 
400 deg F. It leaves the boiler to enter the superheater witli 8 per cent moisture 
and leaves the sufjerheater at 650 deg F, If the unit has an efficiency of 0.85, what 
fraction of the heat of the fuel is transferred in the economizer, the boiler tubes, 
and in the su{>erheater? 

15-6. Radiant Heat Transfer 

In a powdered coal-fired boiler the furnace wall firebrick are protected by water 
tubes known as a water wall. With an avenige flame temperature of 3000 deg F, a 
water-wall metal thickness of 0.3 in. and an average water temperature of 350 deg 
F, calculate the rate of heat transfer per unit area by radiation. (A trial-and-error 
method of determining the metal surface temperature must be used.) 

15*7. Tube Bank Air Cooler 

A rectangular duct has a staggered tube bank made up of 0.5-in. outside diameter, 
0.4-in. inside diameter brass tubes spaced I in. apart across the duct and ten rows 
deep in the direction of flow. Water at an average temperature of 45 deg F flows 4 
ft per sec through the tubes. The air has a velocity of 10 ft per sec in the unob¬ 
structed duct ahetid of the tubes and is at an average temperature of 85 deg F as it 
passes over the tube bank. 

Using the condenser heat transfer data from Chapter 14 to find the water film 
conductance and the boiler heat transfer equations from article 15*2 to evaluate 
the gas film conductance, calculate the average overall conductance. 

What temperature drop would be expected as the air flows through such a tube 
bank that is ten rows deep if the air pressure is atmospheric? 
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15-8. Boiler Losses 

Coal having an analysis C — 0.82, H 2 = 0.06, O 2 = 0.04, moisture - 0.02, ash = 
0.06 is fired in a furnace and the weight of ashpit refuse removed is one-tenth the 
weight of the coal fired. The boiler-room air is at 75 deg F and 0.60 humidity and 
the stack gases are at 480 deg F. The dry stack gas analysis is CO == 0.025, O 2 = 
0.04, N 2 = 0.815. Calculate all losses and the boiler efficiency. 

15 • 9. Stack Gas Loss 

Evaluate the dry stack gas loss for the example of article 15-3 using the gas tables 
of article 4 • 5 and determine the accuracy of the approximation used in the example. 
15 TO. Effect of Excess Air 

Assuming the stack gjises from a small oil-fired furnace to leave at 600 deg F with 
a boiler-room temjierature of 80 deg F, calculate the approximate change in the dry 
stack gas loss that accompanies each 10 per cent of excess air used. 

15Tl. Boiler Performance 

The feed water is pumped into a 1200 lb per sq in. absolute boiler at 450 deg F 
and the superheated steam leaves at 800 deg F. The boiler has a full-load efficiency 
of 0.84 and 3 tons of 14,100 Btu per lb coal is burned each hour. Calculate: 

(a) Boiler output in Btu per hour. 

(b) Pounds of steam per hour. 

(c) Pounds of steam per pound of coal. 

{(i) Boiler horsepower developed. 

15*12. Effect of Stack Temperature 

In a small heating boiler using a fuel oil that is 0.86 carbon and 0.13 hydrogen by 
weight, calculate the drop in efficiency that would accornjiany a rise from 5(K) to 
600 deg I'" in the stack gas temperature if 20 per cent excess an’ is used. 

15*13. Comb'iistion Experiment 

Weigh a candle, determine the rate of weight loss as the candle burns, and esti¬ 
mate the volume of active flame. Estimate the Btu per hour released j^er culiic 
foot of active flame and compare this with the rate of combustion in an oil-burning 
heating furnace where 2 gal per hr of fuel oil is burned in a space 30 in., in diameter 
and 36 in. high. 

15 *14. Bagasse Furnace 

In many sugar mills sugar cane fiber known as bagasse is burned to generate proc¬ 
ess steam and such installations represent the extreme in moisture loss to the stack, 
since bagasse may be as much as 50 per cent moisture. A test of such a plant {Trans¬ 
actions A.S.M.E., Vol. 61) gave the following results: 

Fuel, 0.48 moisture by weight 

Dry fuel analysis by weight 

H 2 - 0.0580; C - 0.4631; O 2 == 0.4582; N 2 = 0,0026 

Ash == 0.0181 

Heating value of dry bagasse = 8300 Btu per lb 

Test data 

Incoming air temperature = 140 d^ F 

Flue gas temperature = 485 deg P’ 

Heat absorbed by steam per pound of fuel as fired = 2850 Btu 

Stack gas volumetric analysis 

CO 2 = 0.1645; O 2 = 0.0375; CO = 0.0016 

Calculate the overall efficiency, the pounds of air supplied per pound of fuel fired, 
and show the probable heat balance in as much detail as the test data will permit. 
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15-16. Cooling of Exhaust Pipe 

Using the heat transfer data of Chapters 7 and 15, calculate for the following 
conditions the probable outside surface temperature of an engine exhaust pipe that 
has a 4-in. inside diameter and a wall thickness of Jig in.: the exhaust gases in the 
pipe are from gasoline burned with 20 per cent excess air and they have a velocity 
of 600 ft per see, a teinr)erature of 910 deg F, and a pressure of 15 lb per sq in. gage; 
the propeller slip-stream air which flows over the outside of the exhaust pipe is at a 
temperature of —10 deg F, is at a pressure of 19 in. of mercury and has a velocity of 
220 mph. 


Chapter 16 

16-1. Rankine Cycle Efficiency 

Find the i)ercentage error that results from ignoring boiler-feed work when cal¬ 
culating the R}\nkine cycle efficiency for an initial steam condition of 750 lb per sq 
in. absolute and 800 deg F and a condenser pressure of 1 in. of mercury. 

16-2. Extraction Cycle 

A steam plant operating on 450 lb per sq in. absolute pressure 600 deg F steam 
extracts steam for feed-water heating at 1(X) lb fier sej in. absolute, and the condenser 
pressure is 1 in. of mercury absolute. Calculate the theoretical amount to be bled, 
the cycle efficiency and simple Rankine cycle efficiency for the same supply steam 
and condenser conditions, 

16-3. Single-Stage Extraction Cycle 

For a steam condition of 350 lb per sq in. ab.solute and 600 deg F and a 2-in. mer¬ 
cury absolute condenser pressure, plot a curve of the fraction ol the steam bled and 
the cycle efficiency against the pressure at wliich the steam is bled, using a single ex¬ 
traction cycle. 

16-4. Extraction Cycle 

For an initial steam condition of 400 lb per sq in. absolute and 700 deg F and a 
condenser pressure of 2 in. of mercury absolute, an extraction cycle bleeds steam for 
feed-water heating at 1(X), 40, and 10 lb iK*r sq in. absolute. Calculate the fraction 
of the steam bled at each point, the cycle efficiency, and the water rate in pounds of 
steam per horsepow^er-hour. 

16-5. RehecU Extraction Cycle 

For the same initial steam and condenser conditions as in problem 16-4 steam is 
bled for feed-w^ater heating and the rest of the stoarn is reheated to 600 deg F and 
then returned to the turbine to complete the expansion. Calculate the fraction ex¬ 
tracted and the cycle efficiency. 

16-6. High-Pressure Cycle 

A high-pressure cycle is superimposed on the cycle of problem 16 *4 and it operates 
between 1400 lb per sq in. and 800 deg F. The steam is reheated to 600 deg F be¬ 
fore being returned to the low-pressure cycle. Calculate the improvement in effi¬ 
ciency and the fraction of the total work done in the high-pressure unit. 

16-7. Mercury Steam Cycle 

In a plant similar to that of Figure 16-6, the mercury vapor is generated at 180 
lb per sq in. absolute and the mercury turbine exliaust at 1.8 lb per sq in. absolute. 
Steam is generated at 500 lb per sq in. absolute and 800 deg F, and the steam con¬ 
denser is maintained at an absolute pressure of 1 in. of mercury. Steam is bled for 
feed-water heating at 90 lb per sq in. absolute. 

(a) Find the pounds of steam circulated per pound of mercury. 
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(h) Find the fraction of the steam bled. 

(c) Find the fraction of the totfil work that is from the mercury turbine. 

(d) Find the cycle efficiency and the ideal Btu supplied per kilowatt-hour de¬ 
livered. 

PttOPURTIES OF MIUK URY 

Pressure hf hg sf Temperature 

200 36.09 151.10 0.04058 0.11939 999.6 deg F 

1.8 17.37 143.42 0.02480 0.15654 497.7 dejj; F 

16-8. Plant Efficiency 

A boiler that is 0.80 efficient generates steam at 400 lb per sq in. absolute and GOO 
deg F. Between the boiler and turbine there is a 20 Jb per sq in. pressure drop and 
negligible heat loss. It then ex])ands to 90 lb j^er sq in. in the upper stages of the 
turbine with a turbine efficiency of 0.8. 

At this point steam is bled for feed-water heating and the rest of the steam goes 
to the re-superheater. It reaches the rc'-suf)erheater at 80 Ib per s(i in. and is heated 
to 600 deg F and is returned to the turbine with a negligible heat drop but at 70 
lb per sq in. pressure. It then exfiands through the remaining stage's of the turbine 
with a turbine efficiency of 0.7 to the pressure of 2 in. of mercury in the turbine ex¬ 
haust. The condenser pressure is 1 in. of mercury. If the plant uses coal having 
a heating value of 14,300 Btu tier lb, calculate the jilant efficiency and the pounds 
of coal per turbine horsepower-hour. (Ignore boiler-feed work.) 

16-9. Effect of Load on Plant Efficiency 

In a small fdarit when the steam flow was 5000 lb per lir the steam reached the 
turbine at 1500 lb per sq in. and at 7G0 deg I'. At a load of 20,000 lb per hr the 
superheat temperature was 920 d('g F and the pressure dropi)ed to 1370 lb per sq 
in. At 5000 lb per hr steam was bled for feed-water heating at 400 deg F and at 
550 deg F at 20,000 lb per hr. At the lighter load the condenser pressure was 2 in. 
of mercury and at the higher hxui this rose to 3 in. What was the effect of load on 
the ideal cycle efficiency and water rate? 

16-10. Continuous Extraction Cycle 

For the initial and final steam conditions of problem 16-2 calculate the approxi¬ 
mate cycle efficiency that would result from continuous extraction or an infinite 
number of contact feed-water heaters. The first extraction would occur when, in 
Figure 16-3, the exjianding steam reaches the saturation temjxirature corresponding 
to Pi. One jKissible method would be to plot a curve of (/j 2 ~ hf 2 ) against tempc'.ra- 
ture, using the Mollier diagram; and another curve ot specific heat of liquid against 
temi>erature, from 3' to 1', Figure 16*3. 

If these curves can be expres.sed by simple equations in terms of temfierature, an 
integration for the work done in the turbine between the upper and lower extraction 
temperatures may be possible. Careful thought may reveal other and better meth¬ 
ods of attack. 


Chapter 17 

17*1. Vapor-Cycle Refrigeration 

Calculate the coefficient of performance, horsepower per ton, and the cubic feet 
per minute of vapor at admission conditions that must be handled for an ideal water- 
vapor refrigerator operating between 40 deg F and 100 deg F: 

(а) For wet compression. 

(б) For dry compression. 
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17 • 2. A mrnonia-Vapor Refrigeration 

PROPERTIES OF SATURATED AMMONIA 


Temp, 
deg F 

P lb i>er 
sq in. 

V, 

hf 

hf^g 

hg 

•V 


-10.0 

23.74 

11.500 

32.1 

576.4 

608.5 

0.0738 

1.3558 

+ 10.0 

38.51 

7.304 

53.8 

561.1 

614.9 

0.1208 

1.3157 

+70.0 

128.8 

2.312 

120.5 

508.6 ! 

620.1 

0.2537 

1.2140 

+ 100.0 

211.9 

1.419 

155.2 

477.8 

633.0 

0.3166 

1.1705 


PROPERTIES OF SUPERHEATED AMMONIA VAPOR 

(P = 125 lb per sq in.) 


'IVnip 
tk'K F 

70 

80 

90 

! 

i 

100 

1 

110 , 

1 

120 

130 

140 

150 

160 

170 

V 

2 392 

2.401 

2..^>28 

2..503 

2.657 

2.710 

2 780 

2 840 

2 900 

2.958 

3.016 

h 

030.0 

037.2 

OM.O 

650.7 

057.1 

063.5 

009.7 

07.5.8 

681.8 

687.8 

693.7 

a 

1.2189 

1.2322 

1.2448 

1.2568 

1.2682 

1.2792 

1.2899 

1 3(M)2 

1.3102 

1.3199 

1.3294 


{P = 130 Ib per sq in.) 


Temp. 
cloK F 

70 

80 

90 

100 

no 

120 

1.30 

140 

1.50 

100 

V 


2.3.55 

2.421 

2.481 

2 546 

2 606 

2.065 

2.724 

2.781 

2.838 

h 


630.0 

043.0 

649 7 

056 3 

062.7 

008.9 

675.1 

i 681.2 

687.2 

a 


1.2260 

1.2388 

1.2509 

1.2025 

1.2730 

1 

1.2843 

1.2947 

1 1.3048 

i 

1.3146 


Calculate the coefficient of performance horsepower per ton of refrigeration and 
the cubic feet per minute of vapor at intake condition for an ideal ammonia-vapor 
refrigerator operating between -|-10 deg F and 70 deg F for: 

(а) Wet compression. 

(б) Dry compression. 

17*3. Ice-Freezing Cost 

An ammonia refrigerator that is 0.7 as efficient as the ideal cycle is used to freeze 
ice, using power that costs 5 cents a kw-hr. It absorbs heat from the brine of the 
freezing tank at -flO deg F, and the spray-cooled condenser operates at 70 deg F. 
Calculate the power cost per hundred pounds of ice frozen if the water to be frozen 
is put in the cans at 70 deg F. Assume a dry compression cycle. 

17*4. Reversed Refrigerator 

Except for the equipment investment involved, an economical method of house 
beating would be to place the expansion coil of a refrigerator outdoors, absorb heat 
at the low temperature there, and by placing the condenser inside, discharge both 
the heat absorbed and the compression work inside. The evaporator would have to 
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operate at a temperature below the outside temperature and the condenser above 
the indoor temperature to promote heat transfer from the coils used. 

For an evaporator operating at 36 deg F and a condenser at 80 deg F if a dry com¬ 
pression water-vapor machine is used that has a centrifugal compressor unit with 
an overall efficiency of 0.60, what maximum price per kilowattr-hour could be paid 
for power and enable it to comi)ete with a conventional furnace operating at 0.70 
efficiency and using 13,500 Btu per lb, $10.00 a ton coal? 

17*5. Flash Freezing of Ice 

If 70 deg F water is introduced into an evaporator maintained at the pressure 
corresponding to 32 deg F as described in article 17*4, what fraction of it must evapo¬ 
rate to freeze the remainder? Find the horsepower input per ton of refrigeration to 
an ideal dry compression water-vapor machine to remove this vapor if the condenser 
is maintained at 100 deg F. Find the intake cubic feet per minute of vapor that 
must be handled j)er ton of refrigeration. 

17*6. Water-Vapor Refrigeraiion 

An ideal water-vapor refrigerator operates with an evaporator temperature of 40 
deg F and a condenser temperature of 80 deg F and the water to be cooled enters 
the evaporator at 80 deg F. 

(а) If a steam jet and booster using 100 lb per sq in. dry saturated steam is used, 
calculate the pounds of high-pressure steam used per pound evaporated in the evapo¬ 
rator, and the pound of steam per minute jjer ton of refrigeration. 

(б) If an ideal Rankine engine using steam at the same condition as in (o) with 
an atmospheric exhaust drives an ideal centrifugal compressor to replace the jet 
and booster, calculate the pounds of high-pressure steam used per pound evaporated 
and the pounds of steam per minute per ton of refrigeration. 

17*7. Refrigerator Operation 

For the refrigeration system shown in F'igure 17-1 and for the one in Figure 17-4 
analyze the sequence of events that result when: 

(a) The heat load to the evaporator is increased. 

(h) The condenser cooling water increases in temperature. 

(c) The expansion valve opening is increased. 

(d) The expansion valve opening is reduced. 

(e) The rpm of the compressor (Figure 17-1) is increased or the steam pressure 
to the steam jets (Figure 17*4) is increased. 

17-8. Air Cycle Refrigeration 

An air compressor and an air engine are to be used to deliver 60 deg F air into a 
room on a day when the outside air temperature is 100 deg F. In the ideal system 
100 deg F air is compressed adiabaticaily to some higher pressure and then cooled 
at that pressure to the outside temperature. It then goes to an air engine where it 
is expanded at constant entropy to atmospheric pressure and discharged into the 
room. The compression pressure must be so chosen that the air will enter the room 
at 60 deg F. The ideal work will be the difference between the compression work 
done and that regained during the expansion in the air engine. If the room is being 
maintained at 76 deg F, the cooling effect will be the heat absorbed as the air warms 
from 60 deg F to 76 deg F at constant pressure. 

For the conditions outlined, calculate the proper compression pressure, the horse¬ 
power required per ton of refrigeration, and the cubic feet per minute of air that must 
enter the compressor for each ton of refrigeration. 
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17-9. Deep Refrigeration 

The principle of ideal low-temperature refrigeration may be illustrated by the 
following case. 

Atmospheric pressure 70 deg F air is comi)rcssed in a multi-stage centrifugal com¬ 
pressor to 100 lb per stj in. absolute pressure and C( 3 oled to 70 deg F in a heat ex¬ 
changer. Two-thirds of each pound of 70 deg F, 100 lb per sq in. air is then expanded 
at constant entropy in an air turbine to atmospheric pressure. This low-temperature 
air is then used in an indirect heat exchanger to cool the remaining ]4 lb of 100 lb 
per sq in. air, it usually being assumed that this exchange is complete; that is, the 
high- and low-temperature air approach the same temperature. 

The refrigerat ckI J /3 lb of air is then expanded in a turbine at constant entropy to 
atmospheric temperature. Cah^ulate the temperature at which this air will leave 
the turbine and find the net work required to produce this V 3 Ib of low-temperature 
air assuming adiabatic compression and expansion in each and assuming the physi¬ 
cal constants of air at atmospheric temperature to apply at low temperatures. 
17*10. Joide-Thomjj^on Effect 

Write a short summary of the application of the Joule-Thompson effect in the 
Linde type liquid air machine, explaining the principle involved. See Thermodynam¬ 
ics by Keenan or other references. 

17*11. Dry Ice 

Summarize a commercial method of producing solid carbon dioxide, paying par¬ 
ticular attention to the principles involved. 
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Absolute zero, Fahrenheit scale, 10 
Absorption refrigeration, 210 
Acceleration equation, 19 
Accumulator, refrigerator, 205 
Acetylene, composition of, 09 
heating values of, 74 
Acoustic velocity, 154 
Adiabatic, definition of, 40 
gas equation, 41 

Adiabatic compression, 100, 109 
Adiabatic exponent, definition of, 41 
Adiabatic saturation, 02, 03 
Air, composition of, 50 

density change with altitude, 217 

liquid, 210, 218 

properties of, 21 

reipiired for combustion, 71 

table of firoperties, 47 

thermal conductivity of, 84 

viscosity of, 84 

Air compressor explosions, 105 
Air compressors, 103 
rating of, 111 

Air cycle refrigeration, 254 
Air density, etTect on engine output, 238 
Air flow, measurement of, 115 
Air-fuel mixtures, 60 
Air-fuel ratio, 75, 76 
Air preheaters, 185 
Air-vapor mixtures, 126 
Alcohol, ethyl, 69 
heating value of, 74 
latent heat of and specific heat of, 61 
manufacture of, 68 
methyl, 69 
vapor pressure of, 60 
Aluminum, emissivity of, 99 
thermal conductivity of, 85 
Ammonia, critical pressure and tempera- 
ttire of, 30 

refrigerator calculations, 208 
Argon, properties of, 21 


Asbestos, thermal conductivity of, 85 
Ash, comfiosition of, 68 
in fuel, 67 

Atomization of liquid fuel, 60 
Available energy, 28 
Avogadro’s hypothesis, 12, 56 

Barometer, aneroid, 217 
Benzene, composition of, 69 
manufacture of, 68 
Binary vapor cych', 203 
Black body, definition of, 98 
radiation, 1(X) 

Blower, air, 112 

centrifugal pressure of, 218 
characteristics of, 114 
losses in, 114 
output of, 113 
pressure developed by, 112 
Boiler construction, 184 
efficiency of, 196 
feed work, 198 
fire tube, 184 
heat transfer, 185, 188 
horsepower, 195 
water tube, 184 
Bouncing pin, 127 
Boundary layer, fluid, 90 
Boyle, gas equation, 10 
Brake horsepower, 134 
Brake thermal efficiency, 134 
Brass, thermal conductivity of, 85 
Brick, emissivity of, 99 
thermal conductivity of, 85 
Btu, definition of, 2 
Burning, late, 130 
losses, 71 

CsJorimeter, bomb, 72 
Junkers, 72 
separating, 140 
throttling, 141 
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Calorimeter corrections, 72 
Carbon, combustion of, 69 
heating value of, 74 
molecular weight of, 68 
unburned, 128 

Carbon dioxide, as a refrigerant, 206 
critical pressure and temperature of, 
30 

determination of, 75 
properties of, 21 
solid, 218 

table of properties, 52 
thermal conductivity of, 84 
viscosity of, 84 

Carbon monoxide, causes of, 71 
determination of, 75 
properties of, 21 
table of properties, 51 
Carburetor, gasoline, 60 
Carnot cycle, 119 
efficiency of, 120 
use of, 122 

Cast iron, emissivity of, 99 
thermal conductivity of, 85 
CFR engine, 27 
Charles, gas equation, 10 
Chemical equilibrium, 67 
Clearance gases, internal-combustion en¬ 
gines, 58 

Clearance volume, values of, 103 
Closed cycle, efficiency of, 27 
CO 2 meters, 77 
Coal, analysis of, 67 
classification of, 68 
combustion of, 71 
heating value of, 74 
ignition temperature, 66 
pulverized, 66 

Coefficient of performance, 207 
Coke, manufacture of, 68 
Cold-air standard efficiency, 129 
Combustion, air required for, 70 
products of, 70 
spontaneous, 66, 125 
with excess air, 195 
Combustion losses in boilers, 193 
Combustion mixture, gas table for, 64 
Combustion rates, 195 
Complete expansion steam-engine cycle, 
145 


Compression, adiabatic, 106-109 
crank case, 123 
isothermal, 106-109 
polytropic, 106-109 
two-stage, 110 
Compression efficiency, 112 
Compression ignition, 125 
Compression pressures, 127 
Compression ratio, definition of, 125 
effect on efficiency, 129 
effect on detonation, 126 
equivalent, 131 

Compression work, calculation of, 40, 42 
evaluation of, 40 
Compressor, cooling of, 106 
lubrication of, 105 
Compressor ratings. 111 
Concrete, emissivity of, 99 
thermal conductivity of, 85 
Condensation, drop, 177 
film, 177 
in nozzles, 161 
of vapors, 59, 61 

Condensation loss in steam engines, 143 
Condenser heat transfer, 177 
Condenser pressures, 175, 181 
Condenser pumps, 176 
Condensers, air in, 176, 181 
cooling tower for, 247 
cooling water required, 175 
design of, 182 
heat transferred in, 146 
jet, 175 

maintenance of, 177, 179 
surface, 176 

surface area required, 183 
temperature differences in, 178 
tube length of, 180, 183 
water velocity in, 179 
Conductance, definition of, 89 
film, 177 

Conduction of heat, 79 
Conductivity, thermal, 83 
tables of values, 84, 85 
Convection, forced, 80, 92 
forced, equations for, 94 
free, 80, 95 

Cooling of engines, 122 
Copper, emissivity of, 99 
thermal conductivity of, 86 



INDEX 


259 


Cork board, thermal conductivity of, 
85 

Cracking of petroleum, 68 
Crankcase compression, 123 
Critical pressure, 30 
Critical temperature, values of, 30 
Crude oil, uses of, 68 
Curtis turbine, 166 
Cut-off ratio, 130 
Cycle, binary vapor, 202 
Carnot, 120 
Diesel, 127 
non-expansive, 148 
power plant, 198 
Cylinder arrangement, 125 
cooling, 104 
dimensions of, 125 

Dalton^s principle of gas mixtures, 56 
Detonation, 66, 126 
Dew point temperature, 59, 61 
Diesel cycle, 127 
efficiency of, 130 
Diffusion of gases, 58 
Dimensional analysis, 91 
Dimensional units, table, 92 
Discharge coefficient, nozzles and orifices, 
116 

Dissociation, during combustion, 67 
efifects of, 133 
temperatures, 128 
Distillation, fractional, 68 
Draft, natural, 217 
Draft gage, 215 
Dry^bulb temperature, 62 
Dry compression refrigeration cycle, 206 
Du Long^s equation, 74 
Dynamometer tests, 135 

Earth, thermal conductivity of, 85 
Economizers, 184 
Efficiency, boiler, 196 
brake thermal, 134 
calculation of, 136 
cold-air standard, 129 
hot-air standard, 130 
instantaneous, 131 
mechanical, 111, 135 
power plant cycle, 200 
steam engine, 150 


Efficiency, turbine, 173 
volumetric, 105, 135 
Emissivity, definition of, 99 
of flames, 186 
table of values, 99 
Energy, available, 28 
chemical, 3 
conversion of, 2, 119 
equation, 17, 19, 36 
applied to nozzles, 152 
applied to air measurement, 115 
internal, 17 
kinetic, 1 
potential, 1 

thermal as distinct from heat, 1 
unavailable, 28 
Engine, cooling of, 128 
CFR, 127 
gasoline, 126 
uniflow, 144 

Enthalpy, definition of, 22 
measurement of, 33 
of air-vapor mixtures, 63 
of gases, 23, 43 
zero of, 34 

Enthalpy diagram for Freon, 208 
Enthalpy-entropy diagrams, 140 
Entropy, as a coordinate, 121 
calculation of, 29, 35 
definition of, 28, 120 
increase due to mixing, 212 
of gases, 39, 43, 44 
Entropy changes, components of, 44 
Equivalent molecular weight of air, 59 
Ethane, in fuels, 68 
properties of, 21 
Ethyl chloride, 206 
Ethylene, properties of, 21 
Evaporation, heat transfer by, 80 
in boilers, 196 

Exhaust gases, theoretical composition 
of, 77 

Expansion, in engines, 122 
reversible, 119 

Expansion work, calculation of using gas 
tables, 46 

Extraction cycle, 199, 201 

Fans, air, 112 
Feed pump, boiler, 198 
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Feed water heating by extraction, 
199 

First law of thermodynamics, 27 
Flame velocity, 126 
Flash freezing of ice, 209 
Flow diagram, power plant, 197 
Flywheels, compressor, 105 
Foot-pound, de'finition of, 2 
Four-stroke engine cycle, 123 
Fourier heat conduction equation, 83 
Free convection calculations, 96, 98 
Freon, 206 

Friction horsepower, 135 
Friction losses in engines, 135 
Fuel consumption, 134 
Fuel injection, 127 
Fuel oil, 68 
combustion of, 66 
Fuels, combustion of, 71 
composition of, 69 
gaseous, 68 
hydrocarbon, 70 
liquid, 68 
solid, 67 

Gas, blast furnace, 68 
definition of, 6 
expansion of, 26 
illuminating, 68 
mixtures, 57 

Gas analysis, volumetric, 57 
Gas constants, of mixtiues, 57 
table of, 14 
Gas equations, 11, 56 
applied to steam, 157 
applied to vapors, 60 
polytropic, 107 
Gas measurement, 116 
Gas mixtures, composition of, 15 
Gas pressure, 9 
Gas tables, 47-54 
basis of, 45 
use of, 43, 132 
Gases, liquefaction of, 31 
thermal conductivity of, 81 
Gasoline, latent heat, specific heat, 61 
production of, 68 
recovery from natural gas, 31, 68 
vapor pressure of, 60 
viscosity of, 87 


Gay-Lussac, gas equation, 10 
General gas constant, 13 
values of, 14 
Glass, emissivity of, 99 

thermal conductivity of, 85 
Governing of steam engines, 143 

Heat, distinction between heat and 
thermal energy, 1 
Heat balance, boiler, 192 
equation of, 61 
Heat conduction, radial, 89 
steady state, 88 
transient, 88 
Heat of combustion, 66 
Heat of formation of molecules, 73 
Heat of vaporization, 6 
Heat transfer, completeness of, 121 
in superheaters, 190 
Heating, industrial, 118 
residential, 216 
Heating value, higher, 73 
lower, 73 

Heck, gas tables, 47-55 
Helium, properties of, 21 
Heptane, properties of, 127 
Hexane, composition of, 69 
High-temperature gas tables, 47-54 
Horsepower, boiler, 195 
indicated, 106 

Hot-air standard efficiency, 130 
Humidity, definition of, 63 
percentage, 63 

Hydrocarbons of petroleum, 68 
Hydrogen, combustion of, 69 
heating value of, 74 
ignition temperature of, 66 
in exhaust gases, 71 
molecular weight of, 68 
properties of, 21 
table of properties, 50 
thermal conductivity of, 84 
viscosity of, 84 
Hydrogenation, 68 

Ice, dry, 218 
emissivity of, 99 
flash freezing of, 209 
heat of fusion of, 205 
thermal conductivity of, 85 
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Ignition, by compression, 25 
spark, 125 
spontaneous, 126 
temperatures value of, 66 
Impulse turbine, 163, 164 
Incomplete combustion calculations, 72 
losses, 75, 77 
of carbon, 70 

Indicated horsepower, 106 
Indicator cards, 105, 107 
Indicator spring scales, 105 
Indicators, engine, 105 
Infraresd radiation, 98 
Insulating materials, proper! ie^s of, 85 
Intercooler, air, 110 
heat removed in. 111 
Internal-combustion engine, cooling, 122 
cycles, 123 

exhaust gas analysis, 76 
performance, 136 
types, 123 

Internal energy, calculation of, 23, 24 
International steam table conference^, 3 
Isothermal, definition of, 40 
Isothermal compression, 106 

Joule, experiment of, 17 

Kerosene, distillation of, 68 
latent heat and specific heat, 61 
vapor pressure of, 60 

Langmuir, heat convection theory, 90 
Lampblack, ernissivity of, 99 
Latent heat of vaporization of fuels, 61 
I.ead, thermal conductivity of, 85 
Liquids, evaporation of, 31 
thermal conductivity of, 87 
viscosity of, 87 
Liquid hue, 30 
Losses, in turbines, 170 
throttling, 149 

Lower heating value, use of, 133 
Lubricating oil, thermal conductivity of, 
87 

Lubrication of compressors, 104 

Manometer, inclined, 215 
Mass velocity of fluids, 187 
Mean effective pressure, 106, 134 


Mechanical efficiency of compressors, 112 
Mechanical equivalent of heat, 2 
Mercury-vapor plant, 202 
Metals, thermal conductivity of, 85 
Methane, h(*ating value of, 74 
in exhaust gases, 71 
in fuels, 68 
propcTties of, 21 
Methyl chloride, 206 
Micron, definition of, 98 
Mol, definition of, 14 

method of gas calculations, 56 
specific heat of gas mixtures, 58 
volume of, 15 

Molecular energy, 12, 24, 83 
Molecular forces, 86, 87 
Molecular impacts, 9 
Molecular spin, 24 
Molecular velocity distribution, 5 
Molecular weight, definition of, 13 
of fuel elements, 68 
table of values, 14 
Molecules, velocity of, 8, 10 
Mollier diagram, 140 
for turbines, 172 
Monatomic gases, 24 

Nickel, thermal conductivity of, 85 
Nitrogen, molecular weight, 68 
properties of, 21 
table of properties, 48 
Nozzle angles, 155 
calculations, 156, 158 
characteristics, 161 
Nozzles, critical pressure, 155 
discharge of, 154 
expanding, 152 
flow in, 151 
metering, 115 
moisture, in, 161 
non-expanding, 152 
supersaturation in, 159 
turbine, 163 
turbulence in, 155 
Nuclei, effect on condensation, 62 
Nusselt’s number, 93, 97 

Octane, composition of, 69 
heating value of, 74 
number, 127 
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Octane, properties of, 21 
rating of fuel, 127 
Oil, lubricating, 87 
Orifice, calibration of, 116 
Orifices, metering, 115 
Orsat, gas analysis, 75 
Orsat analysis, limitations of, 77 
Otto cycle, analysis using tables, 132 
efficiency, 128, 129 
Oxygen, determination of, 75 
molecular weight, 68 
properties of, 21 
table of properties, 49 

Paper, thermal conductivity of, 85 
Partial pressures, gas mixtures, 56 
vapors, 59 

Performance coefficient refrigeration, 207 
Planimeters, use of, 106 
Plaster, emissivity of, 99 
Poise, definition of, 82 
Poly tropic compression, 106, 109 
Poly tropic exponent, values of, 107 
Porcelain, thermal conductivity of, 85 
Poundal, definition of, 81 
Power plant cycles, 198 
Power plants, elements of, 138 
Power units, conversion of, 3 
Press board, thermal conductivity of, 85 
Pressures, absolute, 13 
compression, 127 
conversion of, 215 
fuel injection, 127 
gage, 13 
intercooler, 110 
mean effective, 106 
Pressure units, 13 
Pressure-volume diagrams, 31 
Producer gas, 68 
Proximate analysis of coal, 67 
Psychrometric charts, use of, 64 
Pulverized coal, 66 
Pumping loss, 135 

Radiation, between parallel surfaces, 100 
from flames, 186 
from small objects, 100 
intensity of, 99 
Rankine cycle, 144 
Rankine plant cycle, 198 


Rankine temperature scale, 11, 13 
Reaction turbine, 163 
Refrigerants, properties of, 206 
Refrigeration, absorption, 210 
air cycle, 254 
low temperature, 255 
ton of, 205 
water vapor, 210 
Refrigerators, reversed, 209 
mechanical, 205 
Regenerative plant cycle, 199 
Reheaters, steam, 200 
Reversible cycle, 119 
Reynolds number, 94 
Rock wool, thermal conductivity of, 85 
Rubber, thermal conductivity of, 85 

Sand, thermal conductivity of, 85 
Saturation of air, 62 
Saturation temperature, 33 
Second law of thermodynamics, 27 
Separating calorimeter, 140 
Sling psychromcter, 62 
Soil, emissivity of, 99 
Spark ignition, 125 
Spark plugs, location of, 126 
Specific heat, at constant pressure, 20 
at constant volume, 18 
mol values of, 24 
of gas mixtures, 58 
of gases, 18 
of liquid fuels, 61 
of steam, 32, 141 
table of values, 21 
Spontaneous combustion, 66 
Stack gas losses, 193 
Steam, charts for, 139 
formation of, 188 
properties at low pressure, 53 
quality of, 141 
supersaturated, 159 
temperature limits, 199 
thermal conductivity of, 84 
viscosity of, 84 

Steam engines, efficiency of, 150 
governors for, 142 
initial condensation in, 143 
multiple expansion, 150 
elide valve, 142 
uniflow, 144 



INDEX 


263 


Steam extraction cycle, 199 
Steam generator design, 191 
Steam-jet booster, 210 
Steam-jet refrigeration, 211 
Steam plant flow diagrams, 197 
Steam plant pressures, 199 
Steam tables, use of, 59, 141 
Steam velocities in turbines, 169 
Steel, emissivity of, 99 
thermal condu(;tivity of, 85 
Stefan-Boltzmann radiation cfjuation, 
100 

Sulphur, heating value of, 74 
molecular weight of, 68 
Sulphur dioxide, as a refrigerant, 206 
critical pressure and temperature of, 30 
Superheat, degrees of, 35 
Superheated vapor tables, use of, 35 
Superheaters, convection, 186 
heat transf()r in, 190 
radiant, 186 

Supersaturation, 62, 159 
Surface condensers, 176 

Temperature, of dissociation, 67, 128 
of flames, 189 
of fusion, 4 
of moving fluids, 153 
significance of, 12 
variation of with altitude, 223 
Temperature coefiicient of thermal ex¬ 
pansion, 95 

Temperature difference, arithmetic 
mean, 180 
log-mean, 179 

Temperature-entropy diagram, 121, 139 
Temperature measurements, in gases, 
156 

in moving streams, 156 
Thermal conductivity, definition of, 83 
of insulating materials, 85 
of liquids, 87 
of metals, 85 
tables of, 84, 85 
units of, 83 

Thermal efficiency, 134 
Thermal energy, conversion to work, 26 
Thermal expansion of gases, 95 
Thermal losses in steam generators, 192 
Thermometer errors, 101 


Thermodynamics, first law of, 2 
second law of, 27 
Throttling, calorimeter, 141 
Throttling, effect of, 38 
Throttling governor, 143 
Throttling losses, 149 
Timing of internal-combustion engines, 
127 

Ton of refrigeration, 205 
Transient heat flow, 88 
Transil oil, thermal conductivity of, 87 
Turbine performance calculations, 171 
Turbine reheat diagrams, 171 
Turbines, blading in, 164, 170 
Curtis, 166, 169 
efficiency of, 173 
impulse, 163 
losses in, 170 
mercury, 202 
nozzles for, 163 
reaction, 163, 167 
speed limits of, 170 
stages in, 168 

velocity diagrams for, 167-169 
wheel efficiency of, 165 
Turbulence during combustion, 67 
Two-stage compression, 110 
Two-stroke engine cycle, 123 

Ultravolet radiation, 98 
Unavailable energy, 28 
Uniflow steam engine, 144 
Units, conversion of, 82 
for dimensional analysis, 92 
systems of, 81 
thermal, 92 

Valves, compressor, 103 
steam engine, 142 
Vapor line, 30 
Vapor pressure, of fuels, 60 
variation of, 5 

Vapor refrigeration cycle, 206 
Vapor tables, use of, 17, 33, 36 
zero of, 33 

Vapors, quality of, 31, 34 
saturated, 32, 69 
superheated, 6, 32 

Vector diagrams for turbines, 164, 167 
Velocity, acoustic, 10, 164 
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Velocity coefficient of nozzles, 161 
Viscosity, definition of, 81 
of liquids, 86, 87 
physical concept of, 86 
table for gases, 84 
units of, 82 

Volatile part of coal, 67 
Volumetric efficiency, 105, 135 

Water, emissivity of, 99 
specific heat of, 2 
thermal conductivity of, 87 
viscosity of, 87 


Water rate, 150 

Water vapor, critical pressure and tem¬ 
perature of, 30 
losses, 194 
refrigeration, 210 
Water walls, boiler, 185 
Wavelength of heat, 98 
Wet bulb temperature, 62 
Wet refrigeration cycle, 206 
Wilson line, 159 
Wood, analysis of, 67 
thermal conductivity of, 85 
Work, definition of 1 
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